Experimental Verification of Surface Vehicle Dynamics by Hughes, R. F. et al.
"I 
N A S A  C O N T R A C T O R  
.. 
R E P O R T  
I 
EXPERIMENTAL VERIFICATION 
OF SURFACE VEHICLE DYNAMICS 
by B. D. Vun Dezcsen, J. M .  Sneyd, C. H .  Hoppe, 
und R. F. Hzcghes 
Prepared by 
CHRY SLER CORPORATION 
Detroit, Mich. 
for 





TECH LIBRARY KAFB, NM 
EXPERIMENTAL  VERIFICATION 
OF SURFACE VEHICLE DYNAMICS 
By B. D. Van Deusen, J. M. Sneyd, 
C. H. Hoppe, and R. F. Hughes 
Distribution of this  report is provided  in  the  interest of 
information exchange. Responsibility for the contents 
resides in  the  author or organization  that  prepared it. 
Prepared  under  Contract No. NASw-1607 by 
CHRYSLER CORPORATION 
Detroit , Mich. 
for 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
For sal. by the Clearinghouse for Federal Sciontific ond Tochnicol Information 
Springfiold, Virginia 22151 - CFSTl price $3.00 

ABSTRACT 
Under  a prev ious contract  (NAS~-1287) , (~)  a technique was developed 
which a l lowed predic t ion of  the dynamic response of  vehic les t raversing yleld- 
ing  and non-y ie ld ing  rough sur faces .  V i rg in  te r res t r ia l  and e x t r a t e r r e s t r i a l  
sur faces were c lass i f i ed  acco rd ing  to  the i r  f requency  and amp l i t ude  d i s t r i bu -  
t i on .  A s ingle parameter was defined which al lowed accurate estimates of 
sur face roughness.  This  c lass i f icat ion determined the nature of  a  random in- 
p u t  t o  an analog computer s imulat ion of  the vehic le and surface dynamic models. 
In  add i t ion ,  de termin is t i c  inpu ts  were used, and a s i m p l i f i e d  l i n e a r  model 
technique was presented using transfer funct ion concepts.  
The present study 1s the  exper lmenta l  ver i f i ca t ion  o f  the  above t h e o r e t i -  
ca l  predic t ion techniques.  A four  wheeled  truck and  a spec ia l l y  des igned s ing le  
wheel t r a i l e r  were  instrumented and d r i ven  (pu l l ed )  ac ross  bo th  y ie ld ing  and 
non-yielding, surfaces. The s u r f a c e  p r o f l l e  was measured on both surfaces 
and soi l  parameters were measured on the yielding surface. With th is  input  
I n fo rma t ion  the  theo re t l ca l  p red lc t i on  was compared w i th  the  phys ica l  measure- 
ments in  a s t a t   I s t i c a  
t o  a d i g i t a l  computer 
t ion technique. 
I fashion. The analog  computer  simula 
s i m u l a t i o n  t o  a l l o w  a m e  usefu l  and 
t Ion  was converted 
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The e f f e c t s  
have been invest 
I .O INTRODUCTION 
of surface roughness on the design and operation of veh i c  I es 
i ga ted   fo r  a number of   years.  The t e c h n i c a l  d i f f i c u l t y  o f ’ t h e  
analy t ica l  approach to  the problem and t h e  r e l a t i v e  ease of  exper imental  pro- 
cedures  have  tended t o  p l a c e  l i t t l e  e f f o r t  i n  d e v e l o p i n g  m e a n i n g f u l  m a t h e m a t i -  
c a l  models t o  s i m u l a t e  t h i s  s i t u a t i o n .  
When the problem of operat ing surface vehic les i n  e x t r a t e r r e s t r i a l  e n v i r o n -  
ments is considered,  the  analyt ical  approach becomes a p rac t i ca l  necess i t y .  
The cost  and comp lex i t y  assoc ia ted  w i th  exper imen ta l  t es t i ng  i n  ex t ra te r res t r i a l  
environments  precludes  this  approach  to  vehicular  design. I t  thus becomes 
necessary t o  develop  accurate  analyt ical  techniques  which  permit  investiga- 
t ion  of   design  parameters.  With t h i s  o b j e c t  i n  mind  the  authors  undertook a 
c o n t r a c t  e f f o r t  
e f f o r t  were pub 
pa r t s .  




t o  develop  such an ana ly t i ca l  techn 
l i s h e d  i n  1967. ( I )  T h i s  e f f o r t  cons 
ique. The resu 
i s t e d   b a s i c a l   l y  
i s  I t s  o f  t h  
o f  f i v e  
Surface Rouqhness C l a s s i f i c a t i o n :  A s t a t i s t i c a l  t e c h n i q u e  was devised 
t o  c l a s s i f y  s u r f a c e  roughness i n  a concise and meaningful fashion 
usable  for  an i n p u t   t o   v e h i c l e   s i m u l a t i o n .   T h i s   c l a s s i f i c a t i o n  is 
based on a s i n g l e  parameter ca l led  the  sur face  roughness  coef f i c ien t .  
Soi l  Model: An approximate s o i l  model f o r   v e r t i c a l   l o a d i n g  was devised 
which  includes  dynamic ( t i m e  dependent 1 terms.  This was based  upon  a 
combina t ion  o f  the  excepted  s ta t i c  (equ i l ib r ium)  model used fo r  veh ic le  
m o b i l i t y  and t h e  e l a s t i c  v i b r a t i o n s  model used i n  c i v i l  e n g i n e e r i n g  f o r  
foundations. 
h h i c l e  Modeb:   T rad i t iona l   l i near   veh ic le   mode ls  were  used fo r   the  
pre l im inary   ana lys is .  The procedure,  however,  allows  the  inclusion 
Of non - l i nea r i t i es  i n  the  veh ic le  model  as we l l  as the soil model. 
V ibrat ions  Input :  A technique was dev ised  fo r   exc i t ing   the   veh ic le  and 
soil models based on random funct ions der ived from the surface roughness 
c o e f f i c i e n t .  
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5 .  W p u t  Analvsis:  Techniques  were,  Ueveloped  for s 
the  ou tpu t  random v ib ra t i on ,  and present ing  i t  i n  
(power spec t ra l  dens i t y )  and ampl i tude  (ampl i tude 
t i o n )  p l o t s .  
F igure  I shows a b lock  d iag ram o f  t he  resu l t i ng  s 
I n te rac  t i o n  
a t . i s t l c a l   l y   a n a l y z i n g  
the form of  f requency 
p r o b a b i l i t y  d i s t r i b u -  
mulat ion.  
F I  gure I BLOCK DIAGRAM FOR NON-LI NEAR SYSTEM ANALYSIS 
Since  the  t ime  the  theoretical  techniques  were  developed, a  number o f  
agencies have at tempted to apply these techniques to evaluate al ternate vehic le 
concepts  and as a too l   i n   veh ic le   des ign .  Because o f  t h i s  i n t e r e s t  i t  was 
deemed necessary to  under take  a t  leas t  a c r u d e  e x p e r i m e n t a l  v e r i f i c a t i o n  o f  
these  techniques. The present  study  represents a rudimentary  experimental 
v e r i f i c a t i o n .  I t  must  be recogn ized  tha t  a f u l l   i n v e s t i g a t i o n   w o u l d   i n v o l v e  a 
number o f  veh ic les  (o r  a number of  des ign changes t o  a s i n g l e  v e h i c l e )  as w e l l  
as a random samp l ing  o f  t e r ra in  segments from a geographical  area of  consistant 
roughness. 
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The exper imental  ver i f icat ion program which was undertaken i s  o u t l i n e d  below. 
Tvuo veh ic les  were  used fo r  t he  tes t i ng .  The f i r s t  was a standard 
M37, 4 x 4 3/4 t o n  m i l i t a r y  c a r g o  c a r r i e r .  The second .was a s p e c i a l l y  
designed single wheel t r a i l e r .  T h i s  was t o  a l  low a separa te  ana lys is  
o f  the coupl ing ef fects  between wheels  (4  wheel v e h i c l e )  and a s imple 
system w i t h  one i n p u t  ( t r a i l e r ) .  The t r a i l e r  was designed t o  decouple 
i t s  motions as much as poss ib le  from those of  the towing vehic le.  
Two separate  surfaces  were  used  for   the  test ing.  The f i r s t  was a paved 
(non-yielding) surface and the second was a rough  a rea  o f  so f t  so i l .  
This was t o  a l l o w  an ana lys i s  o f  t he  techn iques  w i th  and wi thout  the 
added complex i ty  o f  a dynamic s o i l  model. 
P r o f i l e  h e i g h t  measurements  were made p r i o r  t o  t e s t i n g  on the two 
sur faces  us ing  rod and t r a n s i t  techniques. The d i g i t a l  p r o f i l e  h e i g h t  
data was processed t o  y i e l d  v a l u e s  o f  t h e  power spect ra l  densi ty ,  
surface roughness coeff ic ient  and a m p l i t u d e  p r o b a b i l i t y  d i s t r i b u t i o n .  
On the sof t  sur face,  so i l  parameters were  measured t o  a l l o w  i n c l u s i o n  i n  
the  y ie ld ing  su r face  model. 
The vehic les were instrumented with accelerometers snd dr iven over the 
surfaces  at  constant  speeds. These ins t rumenta t ion   s igna ls  were r e -  
corded  on f.m. magnetic  tape  and  retur,ned to  the laboratory  for  process-  
ing on an analog  computer to determine the power spec t ra l  dens i t y  and 
a m p l i t u d e  p r o b a b i l i t y  d i s t r i b u t i o n  o f  v e h i c l e  v i b r a t i o n .  
Simple l inear vehic le models were  developed. These were  checked  against 
laboratory   shake  tests   o f   the  vehic les.  A d ig i ta l   s imu la t i on   p rog ram 
was u t i l i z e d  t o  p r e d i c t  v e h i c l e  m o t i o n .  The s imu la t i on  a l l owed  fo r  t he  
non- l i nea r i t y  o f  su r face  t i r e  separa t i on  on both surfaces and s o i l  model 
non- l inear i t ies   on   the   so f t   sur face .   Bo th   ac tua l   p ro f i le   he igh t  measures 
and random measures based on the surface roughness coeff icient, were 
used as inputs.  
The o u t p u t  p r e d i c t i o n  f r o m  d i g i t a l  s i m u l a t i o n  was processed t o  y i e l d  
the power spec t ra l  ,dens i ty  and a m p l i t u d e  p r o b a b i l i t y  d i s t r i b u t i o n .  
These pred ic ted  va lues  were compared w i th  the  measured va lues of  
Item 5 above. 
The main body o f  t h i s  r e p o r t  i s  w r i t t e n  t o  g i v e  t h e  r e a d e r  an over view 
o f  t he  p ro jec t  and p r e s e n t s  t h e  s i g n i f i c a n t  r e s u l t s  and  conclusions.  Addi- 
t i o n a l  d e t a i l s  i n  s p e c i f i c  phases o f  t h e  p r o j e c t  a r e  p r e s e n t e d  i n  t h e  f i v e  
append ices. 
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A. P r o f i l e  Measurement and Analys is  
8 .  S o i l  Measurement  and Analys is  
C. Vehic le  F ie ld  Tes t  Measurement and Ana lys is  
D. L inear  Model  Frequency Domain Analys is  
E. Time Domain Analys is  
The reader who i s  concerned  w i th  add i t i ona l  i n fo rma t ion  pe r ta in ing  to  
the  ove ra l l  t echn iques ,  s ta t i s t i cs  and a n a l y t i c a l  d e t a i l s  i s  r e f e r r e d  t o  
Reference ( 1 )  which  presents  the  theory  being  ver i f ied  here.  The only  major 
d i f f e rence  between  Reference ( 1 )  and the present program Is t h e  t r a n s l a t i o n  
of  the  analog  computer  network  developed  in  Reference ( 1 )  t o  t h e  d i g i t a l  
s imu la t i on  employed i n  t h e  p r e s e n t  p r o j e c t .  
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2.0 VEHICLES 
Two d i f f e r e n t  v e h i c l e s  were  used i n  t h i s  e x p e r i m e n t a l  program. A f ou r  
wheel t ruck   to   account   fo r   mu l t ip le   inpu ts   and  the   coup l ing   e f fec ts   be tween 
inputs, and a s i n g  
system with a s i n g  
2 .  I l k u &  
The t ruck  used  in  
c a r g o  c a r r i e r  as shown 
o f  in fo rmat ion  was avai  
i c  l e  wheel t r a i l e r  t o  a l l o w  a n a l y s i s  o f  a simple dynam 
l e   i n p u t .  
h i s  t e s t  was a standard M37 314 ton, 4 x 4 m i l i t a r y  
n F igure 2.  Th is  veh ic le  was chosen  since a good  deal 
ab le  in  the  l i te ra tu re  concern ing  d imens ions  and o the r  
cha rac te r i s t i cs  o f  t he  vdh ic le ,  and previous dynamic t e s t s  have  been performed 
by Chrysler and o ther  inves t iga tors .  ( 2 3 p  24)  The technica l  m i  I i t a r y  spec i f ica- 
t i o n s  and c h a r a c t e r i s t i c s  of t h i s  veh ic le  can  be  found  in  TM 9-500. 
2.2 J r a i  l e r  
The s i n g  
dynamic  simp I 
l e  wheel t r a i  
i c i t y .  A p i c  
l e r  was designed s p e c i f i c a l l y  t o  have a v e h i c l e  w i t h  
t u r e   o f   t h i s   t r a i l e r  i s  shown i n   F i g u r e  3. The 
long towing arm was se lec ted  to  a l l ow  as much decoupl ing of  t 
f rom  the  t ruck  mot ions as poss ib le .  The c.g. o f  t h e  t r a i l e r  
above the wheel c a r r i e r  and the  natura l   f requency  o f   the  t ra i  
chosen t o  be between the truck body resonances and the t ruck 
t o  improve  decoupling  of  motions. The s i n g l e  wheel was used 
he t r a i l e r  body 
body was d i r e c t l y  
l e r  body was 
wheel resonances 
so t h a t  t h e  e f f e c t  
o f  mu l t i p le  i npu ts  wou ld  no t  have t o  be accounted for  in  computer s imu la t i on .  
A t r a i l i n g  arm suspension was employed as shown i n  F i g u r e  4. A un ive rsa l  
j o i n t  was used f o r  t h e  t r a i l e r  h i t c h  as shown i n  F i g u r e  5. This  a l lowed  f ree- 
dom o f  m o t i o n  i n  t h e  p i t c h  and yaw d i r e c t i o n s ,  and the necessary r i g i d i t y  i n  
t h e  r o l l  d i r e c t i o n  t o  m a i n t a i n  b a l a n c e  o f  t h e  t r a i l e r .  
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Figure 2 Standard M-37 3/4 Ton Mi I itary Cargo Carrier 
Figure 3 Specially Designed Single Wheel Trai ler 
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Figure 4 View Showing Single Wheel Trailer Suspension Design 
Figure 5 View Showing Universal Joint for Trai ler Hitch 
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3.0 SURFACES 
Two d i f f e r e n t  300 foo t  sur faces  were  used for the experimental program. 
The hard sur face was a 300 f o o t  s e c t i o n  o f  t h e  s o u t h  t o r t u o u s  r o a d  a t  t h e  
Chrysler  proving  ground  (see map, F l g u r e  A-I ,  Appendix A ) .  Th is  road sec t ion  
was designed for automobile endur'ance test ing and represents the roughest 
sect ion  of   the  proving  ground  endurance  road. The s o f t  s u r f a c e  was a 300 
f o o t  v i r g i n  s e c t i o n  o f  t e r r a i n  a t  t h e  p r o v i n g  g r o u n d  w h i c h  had both the des i red 
roughness and s o i l  c o n s i s t a n c y  t o  a1 low appreciable (approximately 2") 
s inkage o f  the  veh ic les .  
3.1 Theory o f  P r o f i l e   A n a l y s i s  
I t  was shown in  the  prev ious  s tudy  tha t  the  power spec t ra l  dens i ty  (PSD) 
o f  v i r g i n  t e r r e s t r i a l  and e x t r a t e r r e s t r i a l  s u r f a c e s  can  be  approximated  by 
the  frequency  content as depic ted by Equat ion I .  
P ( s 1 ,  = cR-* 
Where P(a) i s  t h e  power spec t ra  I dens i ty  w i th  un i ts  of  length  squared  per 
cyc le   per   un i t   leng th ,  C i s  t he   su r face   roughness   coe f f i c i en t   w i th   un i t s   o f  
length, and fl i s  a spa t ia l   f r equency   w i th   un i t s   o f   cyc les   pe r   un i t   l eng th .  
C can be used to  spec i fy  the  roughness  o f  representa t ive  pro f i le  t races  in  
a s t a t i s t i c a l  sense. An es t imate   o f  C can  be  accomplished  by  detrend 
o r  f i l t e r i n g ,  a p r o f i l e  t r a c e  such  that  the  frequency components o f  the  
of ,  o r   lonver  than,   the  avai lab le  data  sample  are  f i l tered  out .  A spec 
in9, 
order  
i a l  
zero  phase s h i f t ,  6 db p e r  o c t a v e  d i g i t a l  f i l t e r  was developed' ')   to  accomplish 
t h i s   d e t r e n d i n g .   T h i s   i s   e s s e n t i a l l y  an e x p o n e n t i a l l y  w e i g h t e d  f i l t e r  w i t h  
an exponential  space  constant x (analogous  to  the  t ime  constant  in  the 
time  domain). Once the  data has  been p r o p e r l y  d e t r e n d e d  w i t h  t h i s  f i l t e r ,  
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" 
a r e l a t i o n s h i p  e x i s t s  be tween the  var iance o f  the  d ig i ta l  p ro f i le  he igh t  da ta ,  
t he   su r face   roughness   coe f f i c i en t  C ,  and t h e   f i l t e r   c o n s t a n t  as g i v e n   i n  
Equation ( 2 ) .  
Var - cT2X 
Thus, i t  ' i s  only  necessary to  det rend or  f i  i t e r  t h e  p r o f i l e  d a t a  f r o m  a 
r e p r e s e n t a t i v e  t r a c e  w i t h  an appropr ia te f i I  te r  cons tan t  x and c a l c u l a t e  
the var iance of  the det rended data to  obta in  an es t imate  o f  the  sur face  
roughness  coef f ic ient  C .  U s l n g   t h i s  argument,  the pqwer spectre1  densi ty 
est imate  can be obtained  f rom  the  value C and the   ampl l tude  p robab i l i t y  
d i s t r i b u t i o n  (assuming a Gaussian d i s t r i b u t i o n )  can be estimated from a 
knowledge of  the var iance.  
3.2 S u r f a c e   P r o f i l e  Measurements 
D i g i t a l  p r o f i l e  h e i g h t s  were  measured along the two test  courses using 
s tandard   rod  and t rans i t   survey ing  techniques.  These  were measured a t  
15 i nch   i n te rva l s   f o r   t he  two truck  lanes  and  at  5 i nch   i n te rva l s   f o r   t he  
t r a i l e r  lane.   Deta i ls   o f   these measurements, the  actual   data and ana lys i s  
can  be  found i n  Appendix A. 
A s i n g l e  number was used as  an input for  the surface roughness to computer 
models. The sur face  roughness  coef f ic ient  was c a l c u l a t e d  f o r  each t race and 
averaged to  ach ieve  a su r face  roughness c o e f f i c i e n t  f o r  each surface.  Table 1 
l i s t s  t h e  measured su r face  roughness coe f f i c i en ts  f rom each o f  the t races f rom the 
hard and so f t  su r faces ,  t oge the r  w i th  the  cen te r  po r t l on  o f  t he  ha rd  su r face  
which  represents  the  center 300 fee t .  A va lue  o f  5 meters was chosen fo r  t he  
det rending constant  x in order  to  ca lcu late these sw6ace roughness coef f1c len.Cs.  
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Tab I e I SURFACE  ROUGHNESS  COEFF I C  I ENTS (FT. 1 
.- - " - - -. ~~ .-" 
So f t   Sur f  ace  Hard  Surface Center  Port   ton 
of  Hard  Surface I 
Lef t Lane .000243 .000151 . 0000 I 9 
Center Lane .000238 . 000 I 49 . 0000 I 2 
Righ t  Lane .OW214 .mol 36 .000012 
Average .000232 . 000 I 45 . 0000 I 4 I 
This   constant  i s  i d e n t i c a l   t o   t h a t   p r e v i o u s l y  employed i n  Reference I f o r   t h e  
ana lys i s  o f  Ranger photographic  data and f o r  l u n a r  p r o f i l e  h e i g h t  a n a l y s i s .  
The hard  sur face  showed a s i g n i f i c a n t  t r e n d  w h i c h  was apparent in  the  ends o f  
t h e  d a t a  e v e n  a f t e r  f i l t e r i n g  due to  the  end po in t  con taminat ion  as repo r ted  
i n  F i g u r e  A-3, page 59, of  Reference I .  For   th is   reason,  a s t r e t c h  o f  400 f e e t  
was measured f o r  t h e  h a r d  s u r f a c e  p r o f i l e ,  w i t h  o n l y  300 fee t  be ing  used fo r  
t h e   f i n a l   a n a l y s i s .  Thus, a f t e r  f i l t e r i n g ,  50 f e e t  were  removed  from  each  end 
of  the data and new ca lcu la t i ons  fo r  spec t ra l  es t ima tes  and a m p l i t u d e  p r o b a b i l i t y  
d i s t r i b u t i o n s  were  determined. The hard   sur face   ana lys is  shows  a predominant 
per iod ic i ty  appear ing  a t  approx imate ly  .25 c y c l e s  p e r  f o o t  w i t h  second and t h i r d  
harmonics  appearing  at .5 and .75 cyc les  pe r  foo t  respec t i ve l y  ( see  PSD p l o t s  
i n  Appendix A ) .  T h i s  p e r i o d i c i t y  was obv ious  i n  the  ana lys i s  o f  t he  veh ic le  
v i b r a t i o n  d a t a  as w e l l  and i n  computer s imu la t i on  where the  actua l   input  was 
used. 
Est imates of  the PSD and APD (see  Appendix A )  made f rom eve ry  th i rd  
po in t  o f  t he  da ta  se t ,  showed qu i te  accura te  sur face  roughness  coef f i c ien t  
ca lcu la t ions  a t  less  reso lu t ion  o f  the  predominant  f requency  fo r  the  hard  
s u r f a c e  p r o f i l e s .  
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4.0 SOFT SOIL 
I n  a d d i t i o n  t o  t h e  s u r f a c e  p r o f i l e  measurement,  measurements o f  s o i l  
p r o p e r t i e s  were made f o r  i n c l u s i o n  i n  t h e  dynamic soil model. 
4. I. Yielding Surface'Dynamic Model 
A dynamlc model f o r  t h e  y i e l d i n g  o r  s o f t  s u r f a c e  was 
prev   ious   con t rac t  and is  essent i a I I y a s p r  1 ng-mass-damper 
F i g u r e  6 . w i t h  a h igh ly  n .on- l inear  spr lng  ra te .  
+FV .) Fv 
I 
2 
F igu re  6 SO1 L MODEL 
The model of F lgu re  6 has the form of Equation ( 3 ) .  
.. 
me z + Cs Z + 0 (Z, Z = Fv 
developed under 
system as shown 
the 
i n  
Where Fv i s  t h e   v e r t i c a l  dynamic f o r c e   a c t i n g  on t h e   s o i l ,  Z ( a n d   i t s  
d e r i v a t i v e s  and ? I  i s  the so i l   de format ion   o r   s inkage,  and m, i s   t h e  
e f f e c t i v e  mass o f  t h e  s o i l  and r e p r e s e n t s  t h e  i n e r t i a l  e f f e c t  o f  t h e  s o i l  
i n  the  proximity  of   the  loading  area. From e l a s t i c  t h e o r y  of s o i l  mechanics 
de r i ved  f r m  c i v i l  engineering, i t  was shown t h a t  b, t h e   e f f e c t i v e  mass, 
has the form of  Equat ion (41. 
11 
Cs has, as a f i r s t  approximation,  the  form  of a l i nea r   v i scous  damping 
c o e f f i c i e n t  and represents  the  energy  d iss ipa t ion  due t o  r a d i a t i o n  damping 
(Pressure wave p ropaga t ion  i n  a s e m i - i n f i n i t i v e  medium) as g iven  in  Equa t ion  (51 
from e las t i c  t heo ry .  
0 (Z,Zmax) i s   t h e   s p r i n g   r a t e   w h i c h   i s  a func t ion   o f ,   the   s inkage Z and the 
maximum pene t ra t i on  a t  t ha t   pos i t i on   o f   t he   su r face  Zma,. I f  Z i s   l e s s  
than Zmax, then  the  funct ion 0 (Z,Zmax) i s   t h e   e l a s t i c   r e c o v e r y   r a t e  as 
de r i ved  f rom c i v i l  eng inee r ing  founda t ion  ana lys i s  and g iven by Equat ion ( 6 ) .  
0 (Z,&,) f o r  Z -= Gax = CEJA 
I - v 2  
In   Equat ions (41, (51, and ( 6 ) :  
A = area  of   wheel   footpr int  
p = s o i  I mass dens1 t y  
U = P o i s s o n ' s  r a t i o  f o r  t h e  s o i l  
E = Young's  modulus f o r  t h e  s o i l  
c I & bo = sol I constants depending upon v 
C = constant  depending upon f o o t p r i n t  a r e a  A 
I f  Z = ( c o n s o l i d a t i o n ) ,  0 (2,Gax) is  a non- l inear   ra te   der ived   f rom 
standard plate penetrometer measurements of  s inkage versus pressure in  sof t  
s o l  Is .  
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4.2 Sol I Measurements 
I n  o r d e r  t o  assess  the s o i l  c o n s o l i d a t i o n  r a t e ,  t h e  t r a i l e r  was used  as 
a penetrometer. I t was dec ided  that   th is   type  o f   test   would  g ive  a  soil 
t i re  combina t ion  wh ich  was not  eas i ly  achieved through p la te penetrat ion 
tests .  Tests  were made a t  s i x  l o c a t i o n s  a l o n g  t h e  t e s t  c o u r s e  and f i v e  
d i f fe ren t  load ings  ( rang ing  f rom 280 t o  1486 pounds) f o r  each tes t  l oca t i on .  
Cone penetrometer measurements were made a t  random places throughout 
each segment o f  t h e  t e s t  s i t e .  D e t a i l s  o f  t h e  soil t e s t s  and the  data i s  
r e p o r t e d  i n  Appendix B .  S e l e c t e d  s o i l  samples were also  taken and brought 
back to  the  labora tory  to  measure s o i l  d e n s l t y  and assess  the  physical 
p roper t i es  o f  t he  so i l  f o r  es t ima t ing  Young's  modulus,  Poisson's  ratio, and 
o t h e r  s o i l  p r o p e r t i e s  n o t  d i r e c t l y  measured.  Table 2 l i s t s  a sumnary of s o i l  
I Tab I e 2 S U W R Y  OF SO I L MODEL PARAMETERS 
Soi I 
E f f e c t i v e  
Mass 
Damp I ng 
Consol idat   ion 
Rate 
Recovery 
Formu I a 
S i nkage Tests 
Va I 
Truck 
.0106 Ib  sec2/ in  
37 Ib  sec / i n  
1000 I b / i n  
39,680 I b / i n  
? 
T r a i l e r  
.0073 I b  sec2/  in 
29 I b  s e c / i n  
715 I b / i n  
35,000 I b / i n  
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p r o p e r t i e s  measured or est imated f rom the analys is  of  t h e  s o f t  s o i l  t e s t  
area.   Deta i ls   o f   the measurements made, and the  data  analysis,  can  be 
found i n  Appendix B. I t  should  be  noted  (from  Table 2 )  t ha t   t he   conso l i da t i on  
r a t e  used was l i n e a r .   S o i l   t e s t   i n f o r m a t i o n  showed  no i n d i c a t i o n   o f   d e v i a t i o n s  
f rom  l inear i ty .   A t tempts   to  f i t  c u r v a t u r e  t o  t h e  t e s t  d a t a  were non-conclusive. 
Two o f f s e t t i n g   f a c t o r s   a r e   a c t i n g   h e r e .  The l o a d i n g   a r e a   ( t i r e   f o o t   p r i r , t )  
increases  wi th  load, and the   so i l   s t i f f ness   dec reases .  I t  shou ld   a lso  be 
no ted  tha t  t he  recove ry  ra te  fo r  t he  so i l  i s  considerably  h igher  (approx imate ly  
40 t imes)   than  the   conso l ida t ion   ra te .   Th is   g ives  a h i g h  d e g r e e  o f  p l a s t i c i t y  
to   the   so i l   ( i .e . ,   de format ions   o f  4 inches  recover  only 0.1 i nch ) .   Th i s  
recove ry  ra te  i s  based  on engineer ing est imates and publ ished data.  .No attempt 
was  made t o  measure  Young's  modulus o r  P o i s s o n ' s  r a t i o  f o r  t h e  s o i l .  A t  f i r s t  
t h i s   m i g h t  appear  as a severe   l im i ta t ion   to   the   mode l ing .  However, i t  was 
shown i n  computer runs that the recovery rate was encountered less than one 
percent  of   the  t ime; and as such, l a rge  changes i n  t h i s  e s t i m a t e  had n e g l i g i b l e  
e f f e c t s  on t h e  r e s u l t s .  The damping term i s  a l s o  dependent  on est imates  o f  
Young's  Modulus.  Here i t  was shown tha t  changes i n  t h i s  e s t i m a t e  o f  2 t o  I 
(100% change)  effected  about a 10% change in   t he   ou tpu t .  Thus i t  i s   obv ious  
tha t  the  conso l ida t ion  r a t e  i s  by far ,   the  dominant  factor and most  emphasis 
was p laced on measur ing th is  in  the f ie ld .  
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5.0 SIMULATION 
Two separate types of  computer analyses were undertaken In th i s  s tudy .  
A l i n e a r  model analysis  using  f requency domain ( t ransfer  funct ion)  techniques,  
and a t rue non- l inear  s imulat ion which was the  major  p rogram be ing 'ver i f ied .  
5.1 Freauencv Domain Approach f o r  V 
A frequency domain  approach fo r  ana lyz ing  veh ic le  mot ions  was developed 
and  implemented  as a por t  ion  o f  the  preced ing  cont rac t .  ( I  Th i s  approach 
necess i ta tes  a l i n e a r  v e h i c l e  model to  ana lyze  veh ic le  mot ions  and uses trans- 
fe r  func t ion  concepts  in  the  frequency  domain  (see  Appendix D l .  The assumption 
o f  l i n e a r i t y  r e q u i r e s  a Ion-y ie ld ing  sur face  or ,  a t  most, a l i n e a r  y i e l d i n g  
sur face  and a l so  a v e h i c l e  speed below that which would cause surface vehicle 
separa t ion .  Whi le  th is  approach p laces  ra ther  severe  res t r i c t ions  on model 
analys is ,  i t  does a l l o w  a convenient  so lut ion which g ives a good deal  o f  ins ight  
in to  veh icu la r  behav io r .  Th is  approach  has  been  used i n  t h e  p r e s e n t  e f f o r t  t o  
c o r r e l a t e  l a b o r a t o r y  s i n u s o i d a l  e x c i t a t i o n  o f  t h e  p h y s i c a l  v e h i c l e s  w i t h  t h e  
l i n e a r  v e h i c l e  model, and secondly to val idate the non- l inear model exc i ted  
i n  a l i nea r  fash ion  w i th  a s ine  wave. 
The I.inear  frequency doma 
the  coup l ing  between the vehic  
s imulated program, and motions 
i n  
I es 
of 
technique for  analys is  was a l so  used t o  assess 
. The t r u c k  was shaken separa te l y   i n   t he  
t h e  t r a i l e r  were  assessed. The reve rse  o f  
t r a i l e r  s h a k i n g  and t ruck  mot ion  assessment was a l s o  done. Th is  type  o f  ana lys is  
showed that these vehic les had a min imal  coupl ing so that  they could be 
l ys i s ,  bo th  fo r  t ime  domain  and 
was separately analyzed. 
analyzed  separately.   In  the  succeeding ana 
frequency domain ca l cu la t i ons ,  each v e h i c l e  
The l inear f requency domain technique was also used t o  c a l c u l a t e  power 
spec t ra l   dens i t y   f unc t i ons   w i th  random input .  The t rans fe r   f unc t i ons  between 
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each o f  the  inputs  and the  ou tpu ts  o f  in te res t  were c a l c u l a t e d  f W  bo th  
t h e  t r a i l e r  and the t ruck.  These a re  measures o f  the  ampl i tude and  phase 
r e l a t i o n s h i p s  between the center point of each t i r e  and  the OUtput o f  i n t e r e s t .  
In  the  case o f  the  t ruck ,  the  th ree  ou tpu ts  were  the  bounce, o r  v e r t i c a l  
mot ion   o f   the  c.g. of   the body, p i t c h  and r o l l  o f  t h e  t r u c k  body. In   the   case 
o f  t h e  t r a i l e r ,  t h e  o u t p u t s  o f  i n t e r e s t  w e r e  t h e  v e r t i c a l  m o t i o n  of  the wheel 
sp ind le ,  t he  ve r t i ca l  mo t ion  of  the c.g. o f  t he  veh ic le  body,  and t h e  p i t c h  
m o t i o n   o f   t h e   v e h i c l e .   T h i s   r e s u l t e d   i n   t h r e e   t r a n s f e r   f u n c t i o n s   f o r   t h e   s i n g l e  
wheel t r a i l e r  and th ree  t imes four  o r  twe lve  t rans fer  func t ions  fo r  the  t ruck .  
Each o f  t h e  t r a i l e r  t r a n s f e r  f u n c t i o n s  were  squared  and  weighted by the  random 
i n p u t  t o  y i e l d  o u t p u t  PSDs.  The t r u c k  t r a n s f e r  f u n c t i o n s  were  combined, t a k i n g  
i n t o  account   t ime  lags   to   y ie ld   ou tpu t  PSDs f o r   m u l t i p l e   i n p u t s .  I t  was 
determined  from  the  frequency domain ana lys is  tha t  the  c ross  spec t ra l  dens i ty  




t s of  lag  between f r o n t  and r e a r  wheel,  whi 
input  correspondinq  to  t ime  lag  (see  Equat 
a more  pronounced  resonant e f f e c t  on the t 
ch  were  ca l cu la ted  theo re t i ca l l y  
ion (441, page 36 of  Reference I ) ,  
h e o r e t i c a l  model than  the 
I veh ic le .   Th is  showed up p r i m a r i l y  a t  h igher  f requencies and might be 
a t t r i b u t e d  t o  the  fac t  tha t  the  prec ise  t im ing  and c h a r a c t e r i s t i c s  o f  t h e  r e a l  
bumps a re  such tha t  a s t a t i s t i c a l  s p r e a d  o c c u r s ,  g i v i n g  l e s s  r e s o n a n t  e f f e c t  
than  observed i n  t h e  t h e o r e t i c a l  model  where t ime delays are mathematical ly 
p rec ise .   Th is   e f fec t   can  be seen i n   t h e   d e t a i l e d   a n a l y s i s   p r e s e n t e d   i n  
Appendix D o f  t h i s  r e p o r t .  The other  obvious  reason  for  smearing  of  higher 
f r e q u e n c i e s  i n  t h e  f i e l d  t e s t  d a t a  i s  t h e  c o n s t a n t  "Q" f i l t e r  used in  p rocess ing  
the  data  (see  Appendix 
5.2 Shake Tests 
Sinusoidal  shake 
C). 
t e s t s  were made on the  ac tua l  veh ic les  i n  the  l abo ra to ry  
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i n  an a t tempt  to  co r re la te  ac tua l  veh ic le  measures w i t h  l i n e a r  model p red ic -  
t i on .  F igu re  7 shows the  t ruck  mounted  on  four  hydraul ic  shakers, and F igu re  8 
shows t h e  t r a i l e r  mounted  on a shaker. The t r a i l e r  was 
d i f fe ren t  inpu ts  spann ing  a wide range of amplitude and 
a sumnary o f   t h i s   i n p u t   d a t a .   B a s i c a l l y ,   f o u r   d i f f e r e n  
. I ,  .25, .5 and 1.2 inches peak t o  peak displacement. 
ampli tude was s t a r t e d  a t  .5 cps  and  increased i n  gradua 
sub jec ted  to  90 
frequency.  Figure 9 i s  
amplitudes were chosen; 
The frequency at each 
steps. When the  frequency 
was increased at  constant  ampl i tude,  the accelerat ion increased as the square of 
frequency. When the  input   accelerat ion  reached  the ong g l e v e l ,  t h e  t r a i l e r  
was c lose  to  separa t ing  f rom the  shake table, so a cons tan t  acce le ra t ion  was 
mainta ined  a t   h is   leve l   for   h igher   f requencies.  The t rans fe r   f unc t i ons  shown 
i n  F i g u r e s  I O  through 12 are  dimensionless, ;.e., they a l l  r e p r e s e n t  t h e  r a t i o  
o f   ou tpu t   acce le ra t ion   to   inpu t   acce le ra t ion .   In   mak ing  such  pIots,something 
has t o  be held constant  as a func t ion  o f  f requency ,  s ince  l inear i ty  cannot  be  
assumed. F igures I O  and 12 show the  measured  t ransfer   funct ion  f rom  the  t i re  
i npu t  t o  the  bounce mot ion of t he  veh ic le  body. The d i f f e r e n c e  between  these 
f i g u r e s  i s  the  input  parameter  held  constant.   Figure I O  s.hows the measured 
t i r e  p a t c h  t o  body t rans fer  func t ion  w i th  four  d i f fe ren t  d isp lacement  leve l  
inputs .  I t  can be seen tha t  as the  displacement  level  increases,  the  measured 
data  agrees more c l o s e l y   w i t h   t h e   l i n e a r  model p red ic t i on .   Th i s   I nc rease   i n  
indicated resonances shows a non- l inear i ty  in  the  sys tem wh ich  is  suspec ted  to  
be suspension  system f r i c t i o n .  F i g u r e  12 shows the same data  for   constant  
acce le ra t ion   inpu t .   F igure  I I  shows t h e   t i r e   p a t c h   t o   v e h i c l e  wheel t r a n s f e r  
funct ion  a t   four   leve ls   o f   d isp lacement   ampl i tude.  
The t e s t s  on the truck were r u n  a t  cons tan t  acce le ra t ion  input  leve ls  
(0.1 g and 0.3 g peak to  peak).   Figures 13 through 18 show th i s  da ta  compared 
17 
Figure 7 M- 37 Mounted on Hydraul ic Shakers 
Figure 8 Single Wheel Trai ler Mounted on Hydraul ic Shaker 
18 
Figure 9 S U M R Y  OF TRAILER  VIBRATION 
TEST 
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t o  l i n e a r  model p r e d i c t i o n  f o r  b o t h  r f g h t  f r o n t  wheel  and 
input .  These data do not  compare w e l l  w i t h  computer  pred 
tha t  t he  veh ic le  i s  v i b r a t i n g . p r e t t y  much as a r i g i d  body 
t o  be due t o  t h e  i n t e r - l e a f  f r i c t i o n  i n  t h e  l e a f  s p r i n g s .  
measurements could probably be made i n  t h i s  case using some 
ln te r - lea f   f r i c t ion .   Th is   m igh t   be   impu lse   tes t ing   o r   the  
addi t ional   h igh  f requency  s ignal   dur ing  test ing.  I t  i s  obv 
through 18 t h a t  t h e  t r a i l e r  t e s t s  compared  more favorably  w 
p red ic t ion   than  the   t ruck   tes ts .  
r i g h t  r e a r  wheel 
i c t i o n .  I t  appears 
. Th is   I s   expec ted  
Be t te r   l abo ra to ry  
technique to "break" 
i n t r o d u c t i o n  o f  an 
ious  from  Figures I O  
i t h  l i n e a r  model 
5.3 S ta t i c   Labora to rv  Measure- 
The t ruck  was weighted  at  each wheel locat ion,  and the 
i n  Table 3. 
data i s  sumnar ized 
Table 3 TRUCK WE I GHT 
Pos i t I on  Weight 
L e f t  F r o n t  Wheel (unloaded) 1690 Ibs. 
R igh t  F ron t  Wheel (unloaded) 1650 Ibs. 
L e f t  Rear Wheel (unloaded) 1380 Ibs. 
R igh t  Rear Wheel (unloaded) 1250 Ibs. 
Subtotal  5970  Ibs.
Instrumentation  (Record r) 120 Ibs. 
D r i v e r  and  Passenger  350 Ibs. 
To t a  I 6440 Ibs. 
T i l t  t e s t s  o f  t h e  t r u c k  were a l s o  made t o  determine the height o f   the 
c.9. The c.g. l o c a t i o n  i s  shown i n  Appendix C. T i r e   s t a t i c   s p r l n g   r a t e  
measurements were made and compared t o  those suppl ied by the manufacturer. 
The remaining data was o b t a i n e d  f r o m  t h e  1 i t e r a t u 1 - e ' ~ ~ )  (24) and from  the 
U.S.  Army Technical Manual f o r  t h i s  v e h i c l e .  
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The t r a i l e r  was a l s o  wei.ghted  and i t  was found that unloaded, there was 
2794 pounds  on t h e  t i r e ,  and 134 pounds a t  t h e  h i t c h  p o i n t .  A b a l l a s t  w e i g h t  
o f  430 pounds was added t o  t h e  t r a i l e r  bed and p o s i t i o n e d  t o  l o c a t e  t h e  c.g. 
d i r e c t l y  above t h e  c e n t e r  o f  t h e  t i r e  p a t c h .  S p r i n g  r a t e  measurements o f  t he  
t i r e  and suspension 'springs were made, and shock absorber damping c o e f f i c i e n t s  
were supplied by the manufacturer. 
5.4 Jime Domain S imu la t i on  
I n  o r d e r  t o  make the model developed as u n i v e r s a l l y  u s e f u l  as poss ib le ,  
and also adhere as c losely as poss ib le  to  the prev ious ly  developed analog 
computer  techniques, a d i g i t a l  s i m u l a t i o n  language c a l l e d  MIMIC,was u t i l i z e d  f o r  
t h i s  p r o g r a m i n g .  MIMIC was developed a t  Wr ight  Pat terson A i r  Fo rce  Base( l l )  
and  has been  adapted t o  a number of   large  sca le  d ig i ta l   computers.   Vers ions 
o f  t h i s  p rog ram a re  genera l l y  ava i l ab le  fo r  most  computing f a c i l i t i e s .  
D i g i t a l  s i m u l a t i o n  i s  a programing technique which, by means o f  spec ia l  
sub rou t ines ,  t he  d ig i t a l  computer i s  p r o g r a m e d  t o  appear l i k e  an  analog com- 
pu te r   t o   t he   use r .  The specia l   subrout ines  are  predef ined  funct ional   b locks 
f rom  which  the  user  can  bui ld a model o f  h i s  system. These b locks  per form  the 
same funct ional  operat ions as standard  analog  computer components - in tegra tors ,  
amp l i f i e rs ,   f unc t i on   genera to rs ,   e t c .   D ig i t a l   s imu la t i on  programs a r e   i n  a 
sense generalized programs which can be used to solve, on a d i g i t a l  computer, 
a genera l  c lass of  engineer ing or  mathemat ica l  problems,  pr imar i ly  dynamic 
ana lys is   o r   so lu t ion   o f   o rd inary   d i f fe ren t ia l   equat ions .   Genera l i zed   p rograms 
o f  t h i s  n a t u r e  r e q u i r e  a f i xed   no ta t i on   o r   f o rma t t i ng   o f   t he   i npu t   da ta .  The 
notat ion can be considered a p r o g r a m i n g  language  such as FORTRAN o r  ALGOL. 
The d e t a i l s  o f  t h e  t i m e  domain analysis are present 'ed in Appendix E o f  
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t h i s  r e p o r t .  B a s i c a l l y  t h i s  s o l u t i o n  was completely  analogous  to  the  analog 
computer so lu t i on  p rev ious l y  repo r ted .  ( I )  Standard equat ions of  mot ion 
represent ing  l inear  spr ings  and l i n e a r  dampers were  used f o r  t h i s  s i m u l a t i o n .  
The r e s u l t s  o f  j o u n c e  and rebound bumpers  were not included since i t  was f e l t  
t he  acce le ra t i ons  were not high enough t o  cause encounter of these l imi ts.  
This I i neer  veh ic le  model was used w i t h  two d i f f e r e n t  types  of  inputs. The 
ac tua l  p ro f i l e  he igh t  da ta  was recorded on d ig i ta l  magnet ic  tape,  and points  
were r e a d  o f f  d i r e c t l y  i n t o  t h e  s i m u l a t i o n  t o  a l l o w  assessment of  the mot ions 
of   the  vehic le   over   the  actua l   po ints .   S ince  these  po ints  were  spaced r e l a t i v e l y  
fa r   apar t  between d i g i t a l  i n t e g r a t i o n s ,  i t  was necessary  to   ext rapolate  in  
some fashion. A l i nea r   ex t rapo la t i on   o f   t he   s lope   o f   t he   l i ne  was selected. 
Thus, t he  ve loc i t y  i npu t  was p iecewise  cont inuous  wh i le  the  pro f i le  was a 
con t inuous   s t ra igh t - l ine  segment p ro f i l e .   Th i s   t echn ique  caused some d i f f i c u l t y  
due t o   t h e   d i s c o n t i n u i t y  a t  the ends o f   t he   l i ne  segments. I n   o rde r   t o  
min imize th is  e f fect ,  the h igh f requency components  were f i l t e r e d  o u t  w i t h  a 
3 db per  octave  standard RC f i l t e r  s i m u l a t e d  i n  t h e  MIMIC program. The c u t o f f  
frequency  of  the f i l t e r  was set  a t  31.8 cps,  which  represents 200 radians per 
second. T h i s   f i l t e r   m i n i m i z e d   t h e   e f f e c t s   o f   t h e  end p o i n t  d i s c o n t i n u i t i e s .  
I n  t h e  second s imu la t i on  a random s u r f a c e  p r o f i l e  d i c t a t e d  by the surface 
roughness c o e f f i c i e n f  C was imposed  between the   veh ic le  model r i m  mass and 
an e f f e c t i v e  s o i l  mass such t h a t  t h  
o f  the  sur face  penet ra t ion  and the 
generator was used to generate the 
white noise generator used for anal  
selected as zero, and the standard 
e wheel r i m  could not  penetrate be low the sum 
prof  i I e input  . ( I ) A Gaussian random number 
input  d ig i ta l  po in ts  to  rep lace  the  Gauss ian  
og  computer  input. The mean value was 
dev ia t i on  was se lected as rep resen ta t i ve  
of  the  surface  roughness. The output  of the random number generator was 
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i n teg ra ted  us ing  a MIMIC I n t e g r a t o r  i n  a manner analogous t o  t h e  I n t e g r a t i o n  on 
the analog computer  o f  the whi te  no ise generator .  Process ing of  the d ig i ta l  
p r o f i l e  d a t a  r e s u l t i n g  f r o m  t h i s  i n t e g r a t i o n  showed the desired frequency con- 
t e n t  o f  t h e  p r o f i l e  i n f o r m a t i o n  as depic ted by Equat ion ( I ) .  T h i s  p r o f i l e  was 
inputed  to  the  veh ic le  and a second p r o f i l e  r e p r e s e n t i n g  t h e  i d e n t i c a l  numbers 
was genera ted  w i th  the  appropr ia te  t ime de lay  f rom a second random number genera- 
to r  f o r  t he  i npu t  t o  the  rea r  whee l .  The maximum p e n e t r a t i o n  o f  t h e  s o i l  was 
t ime delayed using standard MIMIC t ime delay techniques to  a l low the sur face 
p e n e t r a t i o n  t o  be p roper l y  i npu ted  to  the  rea r  wheel of the four-wheeled vehicle. 
The output  was recorded on d ig i ta l  magnet ic  tape in  the form of  a t ime sample 
sequence,  and t h e s e  d i g i t a l  p o i n t s  were r e - i n p u t e d  t o  t h e  d i g i t a l  computer t o  
a l l o w  a n a l y s i s  and es t imat ion  o f  the  power spec t ra l  dens i t y  and ampli tude 
p r o b a b i l i t y  d i s t r i b u t i o n .  
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6.0 VEHICLE FIELD TESTS 
S i x  dynamic test  runs were made wi th the  two vehic les inst rumented wi th 
I 
I accelerometers as f o l  lows: 
Sof t Sur f  ace 
Truck alone over rough yielding surface at 3 mph 
T r a i l e r  towed by t ruck over  rough of f - road y ie ld ing sur face 
a t  3 mph 
Hard  Surf  ace. 
Truck alone over rough non-yielding surface a t  both 3 and 
6 mph - two consecut ive runs 
T r a i l e r  towed by t ruck over the same rough non-yielding sur- 
f ace  a t  3 and 6 mph - two runs 
A s i n g l e  r u n  was used on the s o f t  s u r f a c e  s i n c e  t h e  p r o f i l e  measurements 
had to  be  made p r i o r  t o  each run, and t h e  s u r f a c e  p r o f i l e  was s i g n i f i c a n t l y  
a l t e r e d  by  the  vehicle  passage. The p r o f i l e s  were  selected so tha t  the  t ruck  
wheels  followed  the same t racks  whether c a r r y i n g   t h e   t r a i l e r   o r   n o t .   I n   o t h e r  
words, t he  t ruck ,  wh i l e  ca r ry ing  the  t ra i l e r  ove r  the  so f t  su r face ,  f o l l owed  
the same r u t s  i t  had l e f t  from  the  previous  test, and t h e  t r a i l e r  f o l l o w e d  
between these r u t s  on a v i r g i n  p r o f i l e .  
Standard Kist ler force-balance accelerometers were used to instrument 
both  the  towing  vehic le  and t h e  t r a i l e r .  The t ruck  had f ive  accelerometers 
mounted  on i t  dur ing  Tests A-I  and 8-1 as shown i n  F i g u r e  5. One accelero- 
meter was mounted on the f loorpan of  the t ruck at  the locat ion of  the vehic le  
c.g. A second  accelerometer was mounted a t  t he  f ron t  o f  t he  t ruck  a t  t he  
fu r thermost   po in t   f rom  the   c .g .   poss ib le   on   the   cen ter l ine   o f   the   t ruck .  A 
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thIrd accelerometer was mounted at the rear of the truck near the traIler hItch 
point. The o t her two accelerometers were mounted to the left and rIght of the 
c.g. location. With a proper combining of fore and aft, and left and right 
accelerometers, It was possible to calculate rol I and pitch motions of the truck 
assuming rigid body motIon. The assumptIon of rIgId body motIon was verified 
in the frequency range of Interest by comparing the sum of the left and right 
accelerometers with twice the acceleration at the c.g. The same procedure was 
used to verIfy the bendIng mode of the vehicle by comparing the sum of the 
fore and aft accelerometers with twice the acceleration measured at the e.g. 
It was determined that the fundamental bending and torsional modes of the truck 
frame-body combination were above the dynamic range of interest In this study. 
The trailer had three accelerometers mounted on It during tests, as shown in 
FIgure 6. One was at the front of the towing arm near the hitch point of the 
truck. One was mounted at the wheel spindle to measure wheel motions, and the 
third was at the c.g. directly above the center of the tire patch on the 
vehicle body. The output of al I accelerometers during testing was recorded 




The purpose of this program was to make field measurements of vehicle 
vibration and compare them to predicted results from computer simUlations. 
To this end, the detailed results of this program are statistical plots of 
vehicle vibration, and these are displayed in the appendices. Appendix C 
shows the results from the field measurements. Appendix D shows results from 
a linear frequency domain statistical computer program, and the non-linear 
time domain simulation Is discussed In Appendix E with results. 
One method of summarizing this information is to compare the square root 
of the area under the PSD curves or the RMS acceleration from each test. 
Table 4 shows such a comparison. The measured values were estimated from 
amplitude probabil ity plots assuming Gaussian distribution. This technique Is 
probably subject to some error. The linear model values were calculated by 
numerical Integration under the PSD curve, and the simUlation values were 
calculated by taking a true RMS of the digital time samples resulting from 
simUlation. This table shows that computer prediction Is,. In general, higher 
than the actual measured values. The obvious quest.ion Is "Why?". In order 
to Investigate this, several other comparisons were made. The first was to 
input the actual measured profile to the computer simUlation In place of the 
random profl Ie generated from a calculated surface roughness coefficient. 
Table 5 shows the results of this comparison for the trailer. It can be seen 
that in most cases the actual profile gave a lower RMS value. In particular, 
the measured and predicted values for wheel and body vertical acceleration 
are very close for 3 mph on the hard surface. This would Indicate that the 
techniques developed for defining a surface roughness coefficient In Appendix A 
of Reference I, gives a value that is too large. This could also be due to 
27 
. "" . ~~ "- ~ "" ...l__ 
Table 4 CONIPARISON OF MEASURED  AND  PREDICTED  VALUES 
OF RMS ACCELERATION 
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Tab I e 5 COMPARISONS OF RMS ACCELERATION  FROM S IMULATl ON 
WITH RANDOM AND ACTUAL  INPUT 
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t h e  s t a t i s t i c a l  u n c e r t a i n t y  d e r i v e d  f r o m  a f i n i t e  number of  po ints  (2000)  f rom 
the  random number genera t i on  ve rsus  720  po in ts  o f  ac tua l  p ro f i l e .  
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Another comparison o f  i n t e r e s t  is  t h e  e f f e c t  o f  t h e  s o i l .  model on computer 
p r e d i c t i o n s .  I n  o r d e r  t o  assess th i s ,  t he  computer s imu la t i on  was run w i th  and 
w i t h o u t   ( r i g i d )   t h e   s o i l  model f o r   t h e   s o f t   s u r f a c e   p r o f i l e   ( b o t h   a c t u a l  and 
random inputs).   Table 6  shows  a sumnary o f  t h i s  data. I t  can  be  seen  that  he 
so i l  model ac ts  as a v i b r a t i o n  i s o l a t i o n  system.  That is; i n   e v e r y  case, the 
RMS acce le ra t ion   i s   decreased when t h e  s o i l  model i s  introduced.  Comparison 
of  the f requency p lo ts ,  wi th  and wi thout  so i l ,  show that the vehic le resonances 
are reduced i n  f requency by the soi l ;  low frequency vibrat ion,  below 1.5 cps, 
i s  actual ly increased, and higher  frequencies  are  reduced. 
~" .- . 
Table 6 COMPARISON OF RMS ACCELERATION  FROM SIMULATION 
( 3  MPH on S o f t  S u r f a c e  P r o f i l e )  
WITH AND WITHOUT S O I L  MODEL 
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F igures 19 through 54 show the comparison PSD p l o t s  f o r  a c t u a l  f i e l d  measure- 
ments and computer s imu la t i on  w i th  random inputs. Each page shows the  compari- 
son of  the three degrees of  f reedom of lnterest  for  one v e h i c l e  on  one su r face  
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I: 
a t  one  speed. The s imulat ion had a precise mathematical  time delay of  pro-  
f i l e  h e i g h t  between f r o n t  and r e a r  wheels fo r  t he  t ruck .  The r e s u l t  i s  a 
s i n u s o i d a l  p e r t u r b a t i o n  on the PSD with f requency equal  to the vehic le wheelbase 
over  the  veh ic le  speed. T h i s  i s  t h e  p r i n c i p a l  r e a s o n  f o r  t h e  l a r g e  number o f  
high  frequency  "resonances"  noted i n   t he   s imu la t i on   o f   t he   t ruck .   I n   t he   phys i -  
ca l  measurements,  the  constant Q f i l t e r  (Q = IO) ,  used to  process  the  data,  
smoothed th i s   e f fec t   ou t .   I n   t he   s imu la t i on ,   t he   o the r   reasons   f o r   h igh   f re -  
quency " n o i s e "  a r e  d i g i t a l  i n t e g r a t i o n  e r r o r s ,  assumed l i n e a r  e x t r a p o l a t i o n  
between p r o f i l e  p o i n t s  and  random number g e n e r a t o r  s t a t i s t i c a l  f l u c t u a t . i o n  
w i t h  a f i n i t e  d a t a  sample. 
l 
F igures 19 through 54 show reasonably good comparison between measured 
and pred ic ted  power spec t ra l  dens i t y ,  pa r t i cu la r l y  f o r  t he  bounce ( o r  v e r t i c a l  
mot ion) of  the body of   the  vehic les.  On the  hard  surface  predominant  frequencies 
were  apparent i n  the  input PSD and also  the  measured  vehicle  response, These 
obv ious ly  were not  reproduced  in  the random input   s imu la t ion .  In general  the 
t rend for  h igher  predic t ions than measurements was apparent as noted from 
the RMS accelerat ion  comparison. The major  vehic le  resonances  are  wel l   pro- 
duced by the computer simulation although peaks i n  general seem t o  be h igher  
and sharper i n   t h e  computer s imu la t ion .  I t  i s  suspec ted   t ha t   t h i s   e f fec t   i s  
due t o  f r i c t i o n  i n  t h e  p h y s i c a l  s y s t e m  which was no t  inc luded in  the  computer 
model . 
Another  type of  predic t ion was tha t  o f  the  s o i l  deformatfon  under  load. 
F igure 55 shows ( i n  the  upper h a l f )  a p lo t  o f  t he  ac tua l  measured p r o f i l e  
which was f e d  i n t o  t h e  computer model, together with the computer predicted 
r e s i d u a l  p r o f i l e  h e i g h t  a f t e r  passage o f  t h e  t r a i l e r  wheel.  This is p l o t t e d  
f o r  a 10 foo t  span  near  the  end  of  the  course (240' - 250'). The d i f f e r e n c e  
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between  these  two  traces is the  wheel  sinkage. The computer predic ted s inkage 
and the actual  measured sinkage are plot ted in the lower hal f  of  Figure 55. 
The computer p r e d i c t e d  a greater  res idua l  s inkage than ac tua l l y  measured. Th is  
would be expected from the data i n  Appendix B, s ince  the  cornputer used. average 
soi l  parameters and the  course was "f irmer1'  near  the end. Note that the CM- 
pu te r  p red ic ted  s inkage  ag rees  fa i r l y  well wi th  the  measured sinkage, except a t  
2930 inches  along  the  course.  Here i t  appears t h a t  t h e  a c t u a l  t r a i l e r  wheel 
h i t s  h a r d  on the back s i d e  of a 5" bump, and the computer did not predict such 
a hard encounter. 
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8.  o CONCLUS t ONS 
1 .  i t  i s  concluded  from this s tudy   tha t   the   s ta t i s t i ca l   techn iques  
developed for the dynamic ana lys is  o f  sur face  induced veh ic le  V ib ra t ion  
are Va l  id. 
2. It i s  conc luded  tha t  t he  veh ic le  models  used I n  t h i s  s t u d y  a r e  n o t  
complete ly  representat ive of  the actual  vehic les.  
The f i r s t  c o n c l u s i o n  i s  based upon the fact  that  re la t ive ly  good p r e d i c t i o n  
of  vehic le  resonances occur .  Est imates of  vehic le  v ibrat ion seem t o  be high, 
u s i n g  t h e  s t a t i s t i  
est imate of  a su r f  
shape o f  t h e  v i r g i  
by the  random d i s t  
ca l  techn ique wh ich  wu ld  ind ica te  tha t  mod i f l ca t ions  to  the  
ace  roughness c o e f f i c i e n t  m i g h t  be In   o rder .  The general 
n ( s o f t  s u r f a c e )  p r o f i l e  seems t o  be es t lmated  qu i te  we l l  
r i b u t i o n  and sur face  roughness  coef f ic ient .  Even the  hard 
surface, where predominant  per lod ic i t ies  occur ,  seems t o  have  a  "background. 
roughness" d i c t a t e d  by the  random spect ra l   content .  I t  is   there fore   conc luded 
tha t  i f  t he  p rob lem 1.s t o  match veh ic le  v ib ra t i on  w i th  p red ic ted  va lues  on a 
p a r t i c u l a r  s t r e t c h  o f  p r o f i l e ,  t h e n  t h e  a c t u a l  p r o f i l e  i n p u t  s h o u l d  be  used 
for   s imuiat ion.   I f   the  problem, however, i s   t o   d e s i g n   b e t t e r   v e h i c l e s   o r  
make vehic le concept t rade-of fs where no p a r t i c u l a r  p r o f i l e  i s  o f  i n t e r e s t ,  
then the s tat is t ica l  technique y ie lds reasonable response est imates,  and i s  
the  best  echnique known t o  e x i s t .  I f  t h i s  t e c h n i q u e  i s  n o t  employed, t h e r e   i s  
a danger of  designing a veh ic le  ta i lo red  to  the  resonances  o f  a pa r t i cu , l a r '  
p r o f i l e  which will opera te  we l l  on  tha t  p ro f i l e  and no place else.  
The second conclus ion is  based on the  fac t  t ha t  non - l i nea r i t l es  and o ther  
e f fects  occur  In  actual  vehic les which are obv ious ly  not  accounted for  in  th is  
simple  veh.icle  model. The cor re la t ion  o f  labora tory  shake tes ts  o f  the  veh ic les  
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w i t h  v e h i c l e  models was ex t remely  poor .  Bet te r  cor re la t ion  was achieved 
between  the f i e l d  t e s t s  and the  veh ic le  s imu la t i on .  One of  the  problems 
here  is   suspension  system  f r ic t ion.   Another  very  obvious drawback i s  t h e  t i r e  
model used i n  t h i s  s i m u l a t i o n .  The p o i n t  c o n t a c t  l i n e a r  t i r e  i s  a poor 
approximat ion.   Tires  are  non- l inear and smooth out  short   wavelength  undulat ion 
through  their  ground  contact  area and d i s t r i b u t e d  l o a d .  T h i s  t i r e  "envelopment". 
would  tend  to  decrease  high  frequency  response  of  the  vehicle.  Another 
obv ious s impl i f icat ion of  the present  vehic le  model ing is  the lack of  fore-and-  
a f t  i n p u t s  and response. The t i r e  geometry  acts  to  put   fore-and-af t   or  
hor izontal   oads  into  the  suspension  system.  This  ef fect   should  probably be 
accounted  for  in  modeling. 
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9.0 R E C M N D A T I O N S  
1 .  It i s  recomnended that   he  t ime domain s imu la t ion   (e i ther   ana log   o r  
d i g i t a l )  be  employed to es t imate  mot ions  o f  veh ic les  des igned to  t raverse  
random  rough  surfaces,  and  also  be  employed  as a des ign too l  in  develop- 




I t  i s  recommended t h a t  more  emphasis  be pu t  i n to  the  a rea  o f  developing 
more rea l i s t i c  veh ic le  mode ls  wh ich  i nc lude  non- l i nea r i t i es ,  more r e a l i s t i c  
t i r e s ,  and fo re -and-a f t   (ho r i zon ta l )   v i b ra t i on  and Input .  
I t i s  recomnended 
dynamic so i  I mode 
t 
I i  
I t  i s  recomnended t 
hat  addi t ional   research  be  undertaken  in  the  area  of  
ng fo r  veh ic les  to  deve lop  accura te  p red ic t ion .  
hat  a v a r i a b l e  band pass window be developed f o r  
process ing  d ig i ta l   data.   Th is   would  permi t   the band  pass t o  be d i r e c t l y  
proport ional   to  center  f requency  (Constant Q) which Is norma l l y  o f  i n te res t  
f o r  v ib ra t i on  da ta  p rocess ing .  
4 1  
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APPENDIX A 
PROF I LE MEASUREMENT AND ANALYS I S  
A. I I NTRODUCTI ON 
The two s i t e s  s e l e c t e d  f o r  t h e  f i e l d  t e s t s  were a hard surface and a y i e l d -  
ing  sur face  a t  the  Chrys le r  Prov ing  Ground i n  Chelsea, Michigan (see map, 
F i g u r e  A - I ) .  The hard sur face was a 400 f o o t  s e c t i o n  o f  t h e  s o u t h  t o r t u o u s  
road  designed  and  normally  used  for  automoblle  endurance  test ing. The s o f t  
su r face  sec t i on  was a cross-country area at  the northeast corner of  the 
Pr  ov 
s e c t  
ness 
t r u c  k 
ng Ground outside  +he  qndurance  road  near  the 1-94 proper t y  l i ne .  Th is  
on represented a re la t i ve l y  rough  su r face  wh ich  s t i l l  had s u f ' f i c i e n t  s o f t -  
t o  a l l o w  a s ign i f i can t  pene t ra t i on  (app rox ima te l y  2 Inches)  o f  bo th  the  
and t r a i l e r .  T h i s  s e c t i o n  a t  one t ime was a m i l i t a r y  tank  proving 
ground, b u t  f o r  t h e  l a s t  f i f t e e n  y e a r s  It has  been  unused,  and was assumed 
t o  be a more o r  l e s s  v i r g i n  s u r f a c e .  I t  was necessary t o  c l e a r  some vege ta t i on  
f r o m  t h i s  a r e a  p r i o r  t o  m e a s u r i n g  p r o f i l e  and conduct ing tests .  Th is  was 
accompl ished w i thout  d is tu rb ing  the  pro f i le .  
A t o t a l  o f  seven p r o f i l e  t r a c e s  were  measured from  the two t e s t  s i t e s  
fo r   the   purpose  o f   comput ing   s ta t i s t i cs .   S ix   o f   these  t races   represented   the  
paths of  the two tes t  veh ic les  over  the  two t e s t  s i t e s  and  the  seventh was 
midway between  the  truck  traces  on  the  hard  surface.  This  seventh  trace 
was measured a f t e r  t h e  t e s t  w l t h  5 inch increments to determine the ef fect  of  
spac ing  on  reso lu t ion  o f  a predominent p e r i o d i c i t y  whlch  appeared in  the  da ta .  
On the  hard  sur face  the  t ra i le r  lane  was c l o s e  t o  t h e  l e f t  l a n e  o f  t h e  t r u c k .  
Table A-l i s  a sumnary o f  t h e  p r o f i l e  measurements. 
Tables A-7 through A-13 at  the  end o f  t h i s  appendix exhibi t  the raw 
p r o f i l e  h e l g h t  d a t a  as recorded from rod and t r a n s i t  measurements fo r  t he  




Tab l e  A- I SUWRY OF PROF I LE MEASUREAENTS 
~ 
~ 
Surf  ace  Lane Distance  Spacing No. of Po in ts  
r "" 
Hard 
Sof t  
L e f t  400' 15" 32 I 
T r a i   l e r  400' 15" 32 I 
R igh t  400' 15" 32 I 
Center 400' 5 'I 96 I 
L e f t  300' 15" 24 I 
C e n t e r   ( T r a il e r 1 300' 5" 72 I 
R igh t  300' 15" 24 I 
seven surfaces in Table A- I .  
A .  2 ANALYS 1 S 
The raw data from each trace was f i l t e r e d  ( d e t r e n d e d )  w i t h  t h e  6 db per  
octave,  zero  phase s h i f t ,  d i g i t a l  f i l t e r  d e s c r i b e d  i n  Appendix A of  Reference 1 .  
The f i l t e r  c o n s t a n t  x was chosen as 5 meters (16.4040 f t .  1 t o  agree wi th  the 
previous  work. To d e t e r m i n e  t h e  e f f e c t  o f  t h e  f i l t e r  c o n s t a n t  o n  t h e  e s t i m a t e  
o f   the   sur face   roughness   coe f f i c ien t  C, the  va lue  o f  x was var ied  f rom I 
t o  10 meters for  one sur face.  The resul ts  are sumnar ized in  Table A-2. 
I n   a d d i t i o n   t o   t h e  C estimate, va lues o f  the  RMS (s tandard  dev ia t ion)  
and ' the  ari thmetic  average  (average  of  the  absolute  value) were  computed. These 




aa = - 1 IY,I 
n=l 
( A-2 1 
More  important  han  the  individual  averages i s  t h e i r  r a t i o .  The r a t i o  of  the 
A-3 
EFFECT OF x ON E S T l W i E  OF C 
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a r i t h m e t i c  mean t o  2M.S value can be used for comparing ampli tude distr ibutions 
against  he  Gaussian  case.  Table A-3 l i s t s  t h i s  r a t i o  f o r  s e v e r a l  comnon 
waveforms. I t  Is n o t e d   t h a t   t h e   f l a t t e r   t h e   t o p  of  the  peaks, the   lower   th is  
r a t i o  becomes. Most o f  t h e   d a t a   i n   t h i s   i n v e s t i g a t i o n  shows r a t i o s  above 1.24 
( t h a t  o f  a Geussian D l s t r i b u t i o n )  i n d i c a t i n g  t h a t  l a r g e  peaks e x i s t  beyond 
t h a t  p r e d i c t e d  by a true Gaussian. 
A f t e r  f i l t e r i n g  t h e  h a r d  s u r f a c e  d a t a ,  w h i c h  c o n t a i n e d  a l a rge  t rend  
due to being on t h e  s l d e  of  a h i l l ,  ead point  Contaminat ion could be observed. 
T h i s  c o n s i s t e d  c f  a t rend of  approx imate ly  0.5 f t .  v a r i a t i o n  o v e r  t h e  f i r s t  
50 f t .  of data.   Whi le   th is   va lue seems small ,  i t  was considerably   larger  than 
the  undu ln t ions  o f  the  remain ing  de t rended da ta  (about  .05 f t .  peak to  peak) .  
A-4 
r--- ~~ - ~. ~~ . Table A-3 
RAT1 0 OF ARITHKTIC =AN TO RMS 
FOR COMMON WAVE FORMS 
"_"  . .  ~~. ~~"~.i. ," 
 "- ~- . . "" .. 
A r  i thmet i c  
Waveform D e s c r i p t i o n  RMS Me an Rat lo 
". . "- ~ ~~~. ~ 
Sine Wave of  Amp1 i tude A 0.707A  0.637A 1 . 1 1  
Square Wave o f  Amplitude A  A  A I .oo 
Sawtooth Wave of Amp1 i tude A 0.577A  0.500A I . I 5  
Trlangu I a r  Wave of  Amp I I tude A 0.577A 0 . 5 m  1.15 
Gaussian D i s t r l b u t i o n   w i t h  
Standard  Deviat ion d 0 0 .8060  I .24 
This contaminat ion was a n t i c i p a t e d  and was the main reason for measuring 400 f t .  
of   hard  surface  data.  By e l im ina t i ng  the  50 f t .  of detrended  data  at   e i ther 
end, a reduced (300 f t . )   data  set   produced  lower   va lues  o f  C which were  used 
as i n p u t s   f o r  computer s imulat ion.   Table A-4 shows t h e   e f f e c t   o f   t h i s  end 
point   contaminat ion  on  est imates  o f   the  sur face  roughness  coef f ic lent .  I t  
a l so   i nd i ca tes   t ha t   t he  C est imates  obtained by using  the  data a t  15 inch 
s p a c i n g  a r e  v i r t u a l l y  unchanged when increased to  the  reso lu t ion  o f  5 inch 
spacing . 
Es t ima tes  o f  t he  amp l i t ude  p robab i l i t y  d i s t r i bu t i on  and power spect ra l  
dens i t y  were obtained from the detrended data using the techniques described 
i n  Reference 1 .  F igu re  A-2 shows the PSD of the hard surface data computed 
from the center lane data wi th a hamning  window (or frequency domain f i l t e r ) .  
The o t h e r  p r o f i l e  t r a c e s  p r o d u c e d  v e r y  s i m i l a r  PSD p l o t s .  The hamning  window 
i s  used i n  a l l  d i g i t a l  PSD p l o t s  i n  t h i s  r e p o r t  w i t h  t h e  e x c e p t i o n  of F igu re  A-3. 
T h l s  f i g u r e  shows the same Four ier  ser ies data which produced Figure A-2 w i t h  
the exponent ia l  window in t roduced in  Reference 1 .  On e i t h e r  F i g u r e  A-2 o r  
A-3 i t  can be seen that a predomlnent p e r i o d l c i t y  e x i s t s  I n  t h e  h a r d  p r o f i l e  a t  
A-5 
Tab l e  A-4 
SUMMARY OF SURFACE  ROUGHNESS 
No. o f  RMS AA C 
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Flgure  A-2 PSD OF HARD SLRFACE CENTER LANE 
5" spaclng - 3( 
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Figure A-3 PSD OF HARD SlRFACE CENTER L A N  
US I NG  EXPONENT1  ALLY WE I GHTED F I LTER 
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Figure A-4 AMPLITUDE PROBABILITY DISTRIBUTION FOR HARD SURFACE 
(Center Lane - 300' - 5" spacing) 
I / /- 
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0.25 cyc les  pe r  foot (4 f t / c y c l e l .  Second  and t h i r d  harmonics of th is  p e r i o d i c i t y  
also e x i s t  a t  0.5  and 0.75 cyc les  respec t i ve l y .  The e f f e c t  of t h i s  p e r i o d i c i t y  
Is c l e a r l y  e v i d e n t  i n  t h e  v e h i c l e  v i b r a t i o n  measurements o f  Appendix C. The 
APD fo r  the  hard  sur face  i s  shown i n  F i g u r e  A-4 together  wi th  the Gaussian 
c u r v e  ( s t r a i g h t  I Ine on normal probabi l  I ty paper)  computed from the standard 
dev iat ion.  t t  can be  seen t h a t  t h e  p o s i t i v e  p r o b a b i l i t y  i s  l e s s  t h a n  t h a t  
predic ted  by  the  Gaussian  whi le   the  negat ive i s  greater .   Th is   would  ind icate 
that   sharp  depress ions  ex is t   in   the  prof i le .   Indeed when obse rv ing   t he   p ro f i l e ,  
i t  is   obv ious  that   "cracks"   about  I i n c h  w i d e  e x i s t  a t  r e l a t i v e l y  r e g u l a r l y  
spaced  four   foot   in terva ls .  
The s o f t  s u r f a c e  PSD i s  shown i n  F i g u r e  A-5. The e f f e c t  o f  t h e  f i l t e r  
can be  seen i n  t h e  low frequency end o f  t h i s  p l o t .  F i g u r e  A-6 shows the APD 
f o r  t h i s  s u r f a c e .  
A.3 CROSS CORRELATION 
I n  o r d e r  t o  d e t e r m i n e  t h e  i n t e r a c t i o n  o f  p r o f i l e  between  the l e f t  and 
r i g h t  lanes of  the t ruck,  the cross power spec t ra l  dens i t y  was computed  from 
the  de t rended  so f t  su r face  p ro f i l e ,  and the center  300 feet of  the detrended 
h a r d  s u r f a c e  p r o f i l e .  The de ta i led   normal ized   c ross   spec t ra l   dens i ty   fo r   the  
s o f t  s u r f a c e  i s  g i v e n  i n  T a b l e  A-14,  and fo r  the  hard  sur face  in  Tab le  A-15. 
These tab les  l i s t  both  the  real   ( in-phase,  co-spectral)  and imaginary  (out-of- 
phase, quadrature  spect ra l )   densi ty .   Table A-5 i s  a sumnary o f  t h i s  d a t a  i n  
terms o f  c o r r e l a t i o n  c o e f f i c i e n t s .  
The reason for  th is  computat ion was t o  check the assumption made i n  
Reference I that   these  could be considered  independent  (1.e.  uncorrelated) 
random traces.  Table A-5 shows t h a t  t h i s  i s  a reasonable  assumption  for  the 
A-10 
Figure A-5 PSD OF SOFT SURFACE PROF I LE TRAl LER LAW 
(5” spacing) 300’ of Flltered Data 
Fllter Constant = 16.4040 feet 
I 0-3 10-2 10-1 





F lgure A-6 AWL I TU)€ PROBABI LI TY D l  STRl BUTION FOR SOFT SURFACE 
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I Tab I e A-5 CORRELATION  COEFF I C  IENTS  BETWEEN  PROFILE  LANES I 
~~~ 
~~ .. . . - 
Lanes Hard  Surf  ace  Soft  Surface 
I Lef t   Center  .798 .390 
1 ~~ ::I :::: 1 Center Right L e f t  R i g h t  
"" - 
s o f t  ( v l r g i n )  s u r f a c e ,  and not  as good  an assumption for the hard (man-made) 
surface.  Table A d  shows t h e  n o r m a l i z e d  ( t o  z e r o  c o r r e l a t i o n )  e f f e c t  o f  t h i s  
assumption on l i n e a r  v e h i c l e  v i b r a t i o n .  T h i s  t a b l e  i s  based upon the  ana lys i s  
h a v i n g  l e f t  and r i g h t  wheels. The p i t c h  m o t i o n  
i r e c t l y  r e l a t e d  t o  bounce m o t i o n .  I n  a  r e a l i s t i c  
l a g  e f f e c t  between f r o n t  and rear inputs would 
of a simple  two-wheel  vehicle 
f o r  such a vehic le would be d 
four-wheel  vehicle,  the  t ime 
have an e f f e c t  on t h i s  s i m p l e  analys is .  
Table A-6 EFFECT'OF PROFILE  CORRELATION ON VEHICLE VIBRATION 
Lef t   to   R igh t   Normal ized   Veh ic le  Response 
C o r r e l a t i o n  
Coef f i c i e n t  Rol I Bounce 
+ I  0 I .414 
0 I .o I .o 
- I  I .414 0 
"- .. ~ 
The e f f e c t  o f  l e f t  t o  r i g h t  p r o f i l e  c o r r e l a t i o n  from Table A-6 would indicate 
t h a t  t h e  p i t c h  and bounce mot ions  o f  the  veh ic le  body (!A371 would  be  under- 
est imated by the assumed zero correlat ion techniques used for the computer 
p r e d i c t i o n s  i n  Appendices D and E and the  ro l l  mo t ion  wou ld  be over-estimated. 
Th is  tendency can be observed i n  d e t a i l e d  c o m p a r i s o n  o f  p r e d i c t e d  p l o t s  o f  
Appendices D and E wi th  the  ac tua l  measurements o f  Appendix C. 
A-13 
Table A-7 
RAW'DATA"EtEVATI0NS I'N FEET 
YASA F.I-ELD-TESI .DATA-LEFT .LANE-HARD  SURFACE-15 INCH 
321  P O I N T S  
19.1900 
18.6700 









- 13.6700 . - - . . . - . 
13-  1100 
12.5A00 
I?.:. 140 0 
11.6900 
11.2300 






.. 8.5800 - 
8.2700 
8. 0200 






































1 6 - 3  100 
9.9100 9.. 5.200 
9.1400 
8.7400 























































7.  Q50O 
6  e9500 
6 9200 


























































































7-• 0 700 
6.9100 































































































6  o7200 
6 69.00 


































.8. ~ 5 5  f) 0 
8 2900 
8 0600 









6 .-e20 0 
6.7800 6.. 6900- 
6.6300 
6 . 6500 
6.5700 
6 "6.1 0 I! 




19. L l O O  
18.6400 
.1.8rl.40Q 

















9-0.5 2 0~0 
9.1500 
8.7400 















. .  6.7100 
6.6700 
6.6600 
. .  6 . 6 1  00 
6.5600 
6.4300 
-6 *. 3.6.00 
6. 3200 
19.0500 





1 5  . 9900 
15.4900 




1 2  9900 
12.5200 
12.0300 





























6 * . 4 L O O  










































6 ... 6 0 00 
6.5300 
6.4800 










































6.  6400 
6.  5.900 
6.  5300 
6.4600 
6,3200 


















10.5  100 
10.0700 
9.6900 
































1 5  7200 
15.1900 




































6."  3 6-0.0- 
A-15 
Table A-9 
-RAW RATA-ELEVATI ONS. I.N..EEEI 






l L i " 7 Q  
16.2100 
15.6800 
1 5  0600 ..". 
16.5300 
14.0700 





































U 1 D l l  
17.6200 
17.1701) 
l L 6 5 Q Q  
16.1200 
15.5800 















































12 . 9200 
12.4500 
12.0000 
1  1 5700 
11 . 1000 
10.6600 

























































































































6 .3000  
6.1000 














1 1  . 8000 












































12  1900 

































RAW DATA ELEVATIONS 1.N FEET 
H.ARD.-SUREACE CENTER  LAN  
961 P O I N T S  
19.1400 
18.9800 
.le. .a 2 0 0 
18.6890 
10.5300 










































. n . s  7.0.9 

























































































1 2  0.29 0 0. 
12,1300 
11.93@0 






































































































































































































T a b l e  14-10 
(Continued) 
RAW DATA ELEVATIONS I N FEET 
11 2700 
11.0900 
- 10.94.0q. "_" 
10.8400 
10.7000 
" 10 - . 5.300 
10.3300 
10 rn 2500 











e c.5 1 00. 
8 4800 
8.3800 







































































































































































































































































































7.1100 L. 08 0.0 
7.0400 








6 .   7 9 0 0  
6.7700 
6 s 7400 
6 7000 




























.6 1.60 0 
7.1400 
7.1000 
L.0 8 00 










































Table  A-IO 
(Continued) 




7 . 0400 










6 . 7500 
6.7000 
6.6900 































6 . 9900 
6..9100 
6.9300 










































































6 . 3900. 
6.4000 
6 .   4600 
6.3600 











































































6 . 5500 


















T a b l e  A-I I 













L . 0 . l O D  
9900 
1 . 2200 

















2 . 2000 
.1 .3500 
1. 0800 
1 . 2800 
5 900 
-7100 
L 7 . 0 Q  . 8000 
7500 






. -9 3 0.Q 
9930 




.L* 2 9 0 Q  
1 3300 
1 5000 

















- c 6.9 QQ . 8900 . 81 00 
9-6 9 0.0 
-6900 
7000 











1 -65 OD 
1 4400 
1.4100 
































1 ..4 0 00 
1.3800 
1 3400 






































1 . 4600 























































































., 8 1.0 0 
.7400 
.8 100 
. 7400 .. 
7100 
6300 
.  .. 5800 
7400 
m7700 
.e 6 7  0 0 
7400 






.. . 9500 
-8300 
1.0200 














1 3300  
55  00 
5900 . 6.0 00. 
o6100 
6000 



































































.a100 . Y300 
8700 
,7803 




























































































8600 . 8200 . ROO 0 








































































































I . 2200 








(Cont i nued) 
RAW DATA ELEVATIONS I N FEET 
1.4000 1.4100 1.3900 1.4500 1.4000 1.3700 1.4300 
1.3600 1.3400 1.4200 1.4100 1.3400 1.3400 1.4500 
L~47QO 1.4200 1.4300 1.4100 1.4!+QO 1.4000 1.4600 
1.4800 1.4300 1.4800 1.5400 1.4100 1.4200 1.3900 
1.4600 1.4300 1.4200 1.4000 1.4100 1.4100 1.3800 
1. 'tOOO_ 1.3500 1.3600 1.4200 1.3800 1.4100 1.4000 
1.3500 1.3600 1.4000 1.4000 1.3900 1.3900 1.4100 
1 .4100 1.3900 1.3900 1.3900 1.3900 1.430f) 1.4200 
L3.9QO 1~..90i'- 1~900 1.43.00 1.4500 1.4300_ 1 .. 4600 
1.5300 1.5400 1.4900 1.5100 1.5300 1.5900 1.5300 
1.6000 1.6000 1. 6400 1.6300 1.6600 1.7200 1.7600 
1.7100 1.7200 1.7500 1.7200 1.7000 1 __ 1100 1.7100_ 
1.6800 1.7000 1.7000 1.7000 1.7600 1.8000 1.7600 
1.1200 1.7400 1.1200 1.1400 1.1400 1.1100 1.6800 
1 __ -1000 L.3500 1.7300 1.1000 1.1100 1. 7000 1.7300 
1.1500 1.7200 1.7100 1.7000 1.6500 1.6400 1.6400 
1.6100 1.6100 1.6000 1.5800 1. 6000 1.5800 1.5800 
l.L5600 1.2700 1.5600 1.5900 1.5800 1.5600 1.5500 
1.5500 1.5400 1.5100 1.5100 1.5400 1.5600 1.5800 
1.5600 1.4900 1.5400 1.5500 1.4900 1.5100 1.4800 
lL4800 1.4600 1.4700 1. 4700 1. 4800 1.5000 1.5000 
1-.4900 1.4800 1.4300 1.4500 1.4600 1.4800 1.4100 
1.4500 1.4400 1.4000 1.4100 1.4700 1.4800 1.4400 
l.A 700 1.4500 1.4200 1.4200 1.4300 1.4500 1.4800 
1.4700 1.5300 1.5400 1.5400 1.5500 1.5100 1.4900 
1.4700 1.4600 1.4100 1.2100 1. 0400 .9500 .9500 
• <)900 .9500 .9900 1.0000 1.0100 1.1900 1.3200 
1.4000 1.5400 1.5700 1.6000 1.5600 1.5000 1.5100 
1.5500 1.5600 1.5300 1.4900 1.4700 1. 5000 1.5400 
1.5100 1.SHOO 1.6100 1.5500 1.4500 1.4100 1.3500 
1.2700 1.1500 1.0100 1.0400 1.0100 1.2600 1.4000 
1.3200 1.1700 1.1100 1.1400 1.2500 1.2900 1.2bO{) 
L.280l) L.3100 1.3100 1.3700 _L.4000 1._4600_ 10-4900 
1.5000 1.4600 1.5000 1.5200 1.5900 1.5700 1.5200 
1.5100 1.4700 1.5000 1.5700 1.5600 1.5800 1.5800 
1.6801) 1.6800 1.7400 1.7600 1.6500 1.420Q 1.330_0 
1.4200 1.4100 1.3300 1.2300 1.1100 1.1200 1.2000 
1.3000 1.34nO 1.4500 1.5000 1.4900 1.5000 1.5100 
L5800 1.5700 1.4500_ 1.4500 1.5200 1.6100 1.610_0 
1.6500 1.6200 1.5800 1.5400 1. 5000 1. 5700 1.4900 
1.5600 1.5500 1.5500 1.5200 1.5100 1.4900 1.6100 
_La6000 1.6900 1.6000 1.5500 1.6400 1.6_700_ -1 •. 7400 
1.8000 1.9200 1.980U 2.0000 1.9800 1. 9800 1.9100 
1. 991)0 1.9700 1.9100 1.8500 1.8300 1.9000 1.9700 
1.9900 1.9700 1.8900 1.9400 1.9900 2.0600 2.1300 
2.1400 2.1300 2.1000 2.1200 2.2300 2.2800 2.2500 
2.2500 2.28no 2.2600 2.1500 2.1300 2.0900 2.1000 
2.0700 1._9500 1. !l300 1.7800 1.7700 1.7900 1.8000 
I.R200 1.8400 1.7500 1.7400 1.8000 1.8200 1.8100 
1.5500 1.3800 1.3900 1.3600 1.3500 1.5300 1.6500 
1. 7000 1.7100 1.6900 1.6900 1.:iBOO 1.4900 1.3900 
1.3600 1.4300 1.5000 1. 61 00 1.6100 1. 5700 L.5700 
1.5000 1.3100 1.2500 1. 3000 1.4500 1.5200 1.5300 
1. 4500 1.4700 1.4900 1.5000 1.4900 1./~200 1.2600 
1.1200 1.10OO 1.1000 1.1900 1.2400 1.4000 1.6100 
A- 22 
Tab Ie A-13 
RAW DATA ELEVATIONS IN FEET 
~~t(L,=-~NL.::.SQ'=-L SQI l-ElEVAT IONS, 15 INCH . SPACING 
241 POINTS 
.5500 .6000 .o~OO .5400 .6400 .6100 .6500 
.Q400 .5600 .7400 .6·500 .7600 .1000 .6300 
~ .620Q _.7100. .7.900 .65.00 .6100 .680.0 .6800 
.6600 .6700 .7500 .7500 .7000 .7400 .6900 
.1000 .6500 .6500 .6100 .6100 .7000 .6800 
~O.O ,_IlOO ,6l00 ,6800 .6100 ,Q..20Q L63.00 
.6900 .6700 .6600 .6500 .6500 .8100 .8500 
1.0200 .9000 .7300 .7600 .8000 .1100 .7800 
.. ! . JQ.9.9 .!_?209 ~6700 .7100 !~900 .J6PO ~80QQ 
.7600 .8400 .7500 .7900 .7900 1.1500 .1500 
1.0300 .7900 .8100 1.0000 .8400 .9700 .9300 
~H!.Q .• 8909 •. 9300 1.0100 .89QO .8800 L.0900 
.9100 .9800 .9500 1.1200 1.0400 1.0100 1.0200 
1.0300 1.1000 1.1200 1.0100 1.0500 1.ll00 1.0600 
1 .•. Q~Q .1.....J3.00_ 1. P .OO t. 220.0 1.2800 .1 .... 1300 1.2900 
1.2400 1.2500 1.~?UO 1. 2200 1.3100 1.2400 1.2700 
1.3000 1.2800 1.3400 1.3200 1.3300 1.3200 1.4300 
1 .• 3600 1..4100 1.4900 1.4100 1.3400 1.3600 1.3300 
1.3400 1.3400 1.4600 1.3000 1.2600 1.3200 1.2900 
1.3700 1.3900 1.3900 1.4500 1.5000 1.5700 1.5500 
1.. 560Q 1.6300 1.6900 1.7100 1.7700 1.7300 1.7100 
1.6900 1.6800 1.7000 1.6600 1.6200 1.6100 1.5200 
1.5100 1.5800 1.5')00 1.4800 1.4900 1.4600 1.5000 
1.5100. 1.5100 1.4400 1.4400 1.4100 1.4001) 1.3900 
1.4000 1.5400 1.4400 1.4200 1.4300 1.4300 1.2500 
.8500 .811)0 1.0500 1.3800 1.3800 1.3900 1.4500 
1.4500 1.5400 1.1600 1.2100 1.3800 1.0300 .9500 
1.1100 1.0400 1.2300 1.351)0 1.4000 1.4400 1.5500 
1.5300 1.6700 1.0400 1.1900 1.4600 1.4300 1.3200 
1.4200 1.4900 1.50n O 1.590() 1.5800 1.5800 1.7200 
1.6000 1.&000 1.6700 1.7100 1.9500 1.9000 1.8500 
1.8500 1.8800 2.0600 2.1000 2.2600 2.0800 1.9300 
1.8500 1.7400 1.6100 1.6800 1.7600 1.3900 1.2700 
1. '5300 1.6100 1.5100 1.5400 1.3200 1.1300 1.2500 
1.3200 1.4500 1.1900 
A-23 
Table A-la SOFT S W A C E  CROSS SPECTRAL DENSITY 
CO-LR OUD-LR CO-LT  OUD-Lr CO-RT QUO-R 1 
9.64E-31 1.06E-01 9 e 9 2 E - 0 1  -5.70E-04 9 .86E-01 - 1 . l l E - 0 1  
8 . 7 l E - 0 1  4 0 2 1 E - 0 1  9.68E-01 1 - 9 5 E - 0 1  9.62E-01 - 2 o 4 5 E - 0 1  
8.27E-01 5.60E-01 9 .42E-01 3.27E-01 9.65E-01 -2 .58E-01 
9.78E-01 3.88E-01 9.53E-01 2.97E-01 9.66E-01 -1.08E-01 
9.44E-01 1.54E-01 9 0 6 6 E - 0 1  2.54E-01 9.63F-01 9.25E-02 
9.19E-01 3.13E-01 9 .54E-01 2.96E-01 9.81E-01 -2.62E-02 
7.30E-01 5.91E-01 3 .49E-01 3 .09E-01 8.61E-01 -3.23E-01 
3 .78E-01 8.65E-01 9.42E-OP 3 .09E-01 6.18E-01 -6.93E-01 
3.12E-01 9.34E-01 9 . 0 6 F - 0 1  4 .04E-01 6.64F-01 -7.22E-01 
3.64E-01 8.R7E-01 8 .57E-01  4 . 8 5 E - 0 1  7.79E-01 -6.14E-OP 
1.79E-02 9.33E-01 7.70E-01 6 . 1 4 F - 9 1  6 .17E-01 -7.32E-01 
-1.4 lE-02  7 .80E-01  7 .35E-01  2 .9AE-01  3 .47E-01  9 .08E-01 
3.76E-01  5.73E-01  7.3BE-01  -3.36E-01 1 .58E-01  -9 .40E-01 
-1.24E-01 5.81E-01 6.34F-01 -5.34E-02 -5.62E-02 -9.36E-01 
-8.'17E-Ol 2.41E-01 1 . 3 7 E - 0 1  6 .99E-01 2.02E-02 -9.62E-01 
-9.ORE-91 2.47E-01 3.C2E-01 8.20E-01 -9.10E-02 -9.75E-01 
-7.65E-Dl  5 .65E-01 6 .94E-01 6.07E-01 -2.13E-01 -9.72E-01 
-8 .45E-01 4 .68E-01 5.29E-OP 7.65E-01 - 1 m O l E - 0 1  -9.88E-01 
-9.33E-31 5.54E-02 1.39E-'71 9 .58E-01 -8.99E-02 -9.83E-01 
-A.20E-O1 -4.4.4E-01 -1 .5LE-02 9 .85E-01 - 4 . L l E - 0 1  -9 .16E-01 
-7.34E-01 -5 .466-01 8.15E-02 9.82E-01 -5.67E-01 -6.42E-01 
-8 .72E-01 -2 .58E-01 -5m75E-02 9 .70E-01 -1.74E-01 -A.52E-01 
-8.86E-01 -3 .81E-01 -4 .48E-01 8.17E-01 9.92E-02 -9.74E-01 
-6.97E-01  -6 .5EE-01  -3 .57E-01  4 .13E-01  1 .98E-01  -4 .86E-01 
-2.73F-01  -8.79E-01  1.95E-01  2. 2E-01  -1.R9E-01  2.51E-01 
-6 .54F-02  -9 .17E-01  -1 .29E-01  6 .32E-01  -6 -86E-01  -1 .32E-01 
-4.h2E-01 -7 .81E-01 - 1 . 9 5 E - 0 1  9 .44E-01 -7.33E-01 -6.46E-01 
-5.92E-01 -7 .4hE-01 7 . 6 l E - 0 4  9.82E-01 -7 .72F-01 -6.06E-01 
-4.27E-01 -5.4RE-01 -1.46€-(?1 9.73E-01 -5.01E-01 -4 .64E-01 
-3.06E-01 2.50E-01 -3.34E-03 6.44E-01 2.91E-01 -6.16E-01 
4 . 0 6 ~ - 0 1   5 . 9 6 ~ - 0 1  Z.I~E-OL 9 . 8 2 ~ - 0 2   2 . 0 5 ~ - 0 1   - 4 . 8 3 ~ - 0 1  
5.95E-01 1.24E-01 -4.95E-01 2.1OE-01 -2.89E-01 - 6 - 1 0 E - 0 2  
-1.R5E-01 -3 .84E-01 -7. L4E-01 4.84€- .01 -9.35E-02 -6.OZE-01 
-4.68E-01 - 2 . 8 6 E - 0 1  -2 .44E-01 8.29E-01 -1.05E-01 -6.69E-01 
3 .2LE-01 -3 .75E-01 5.37E-02 9 .26E-01 -2.89E-01 1.49E-01 
8.12E-91  -3e40E-91  2 .2FE-01  8 .27E-01  -4 .6 l .E-02  5 .1 l .E-01 
7 .45E-01  - 5 . 4 9 E - 0 1  -2 .13E-01  4 .69E-01  -3 .70E-01  3 .61E-02 
R.11E-01  -5.2Z.E-01  -6.49E-01  -2.25E-01  -4.70E-01  -5.24E-01 
9.26F-09  -9.h2E-02  -8.97E-01  -8.58E-02  -6.82E-01  -1.17E-OL 
9 .19F-01   3 -00E-01   -9 .54E-01   2 .03E-01   -7 .80E-01   4 .55E-01  
8 .29F-Oi  8.76E-02 -9 .74E-01 2.60E-03 -7.34E-01 9 .47E-02 
6 .93E-01 -2 .91E-01 -9. 36E-01 -2.77E-01 -6.13E-01 -5 .07E-01 
6.29F-01 2.73E-01 - 8 - 3 C F - 0 1  -5.24E-01 -7.58E-01 -1 .68E-01 
7.73E-02  5.35E-01  -8.44E-01  -4.29E-01  -4.11E-01  2.OSE-01 
-3.6OE-01 -2 .29E-01 -5 .5AF-01 -2 .47E-01 5.086-01 -9.28E-02 
2.ZOE-01 -6 .79E-01 -8.25E-02 -2 .51E-01 5 .05E-01 8.01E-02 
4 .65E-01 -2.05E-01 -2.3RF-01 -4.53E-02 -4.68E-01 3 .84E-01 
6 .14E-32 2.9SE-OP -3.35E-01 -3 .04E-01 - 8 . R l E - 0 1  2.55E-01 
6.66E-'72 -5 .ORE-02 -5.10E-01 -2 .8LE-01 -A. lBE-Ol  4eO8E-02 
-1.35E-01 4.09E-01 -2 .71E-Ol  -6 .92E-31 -7.46E-01 2 .20E-01 
2 .99E-91 6.24E-01 -5.91E-02 -5 .40E-01 -6 .77F-01 l . f l 2 E - 0 1  
6 .9RE-01 3.85E-01 -2 .h9E-01 2.03E-01 -4 .636-01 6 .06E-01 
5 .02F-01 4.23E-01 -6 .37E-01 1.91E-01 -5 .69E-01 7.8RE-01 
4 .35F-01 2.25E-01 - 4 . 2 2 E - 0 1  1 - 5 Z E - 0 1  -7.45E-01 6 .56E-01 
1 .34E-01 3.0RE-01 -7.53E-02 -5.60E-01 -6.01E-01 1 . 9 5 E - 0 1  
6 . 0 9 € - 0 1  1.31E-01 -1.32E-@2 -5.37E-01 -1.89E-02 - 2 . 1 l E - 0 1  
7.13E-01 -1.05E-01 2 .47F-91 2-hRF-31 2 - 8 4 E - 0 1  4.94E-01 
1 .72E-01 -6.90E-OL 7 .57E-01 2.32E-01 4.84E-02 9 . 5 Z E - 0 1  
-9.55E-02 -5.50E-01 8 .47E-01 3 .79E-01 -7.89E-02 5.28E-01 
FREQ . 003 3 
o 006 7 
-0  LOO 
0 0 1 3 3  
-0167 
.020 0 
a 0 2 3 3  
0 2 6  7 
-0300 
m0333 
0 3 6  7 














0 0 8 6  7 
0900 







- 1 1 6 7  
. 1 2 0 0  
1 2 3 3  
.1267 . 1300 
1 3 3 3  
-1367 
1 4 0 0  
143 3 . 1467 
0 1 5 0 0  
- 1 5 3 3  
- 1 5 6 7  




. 1 7 3 3  
- 1 7 6 7  . l e o o  
- 1 8 3 3  
. l a 6 7  
1900 




Table A-14 LContinued) 
- 3 . 2 i E - o i   4 . 5 5 ~ - 0 1   h . 4 4 ~ - r ) l   7 . 3 4 ~ - 0 1   2 . 8 4 ~ - 0 1  -4.47~-01 
- 2 . O Z E - 0 1  6 .27s -01   3 .h3E-01   8 .67E-01   2 .34E-01   4 -79E-01  
5 .34E-01  1 .36E-02  laR3E-01 8.38E-01 - 1 - 9 9 E - 0 2   5 - 3 3 E - 0 1  
4 .10E-01   -5 .60E-01   4 .01E-01   7 .35E-01   -1 .23E-01   5089E-01  
-1.A3E-02 -5m22E-01   6 .28E-02   4070E-01   -4 .76E-01   -3 -48E-01  
5 .99E-01  -1 . lOE-01  -3 .57E-01  9 .10E-03  -5 .5 lE-01   -3 .62E-01 
7.2RE-01  -2mlOE-01  -2 .23E-01  1 .09E-01  -4079E-02  4 .13E-01 
-7.94E-02 -4.47E-01 -1.27E-01 -4.99E-01 5.20E-01 6 s 0 0 E - 0 1  
-3.86E-01 1.47E-01 -4. LBE-01 - 4 0 7 5 E - 0 1  4 - 0 4 E - 0 1  8.13E-01 
2.19E-01 2.66E-01 -2 .05E-01 2.99E-01 2.19E-01 9 0 7 5 E - 0 1  
3.13E-01 -5m76E-01 3 .87E-01 4.59E-02 3.63E-01 7 - 3 9 E - 0 1  
-1.58E-01 -7.00E-01 3 - 0 9 E - 0 1  -6.93E-01 3 - 9 8 E - 0 1  3.35E-01 
-5 .03E-01 1.39E-01 3 .27E-01 -9.03E-01 -3.99E-01 2.71E-01 
-3.85E-01 5.05E-01 3 .10E-01 -9.38E-01 - 6 0 7 4 E - 0 1  2 .2EE-01  
-7 .03E-01 -1.6l.E-02 4 . 4 8 E - 0 1  -6.9l.E-01 - 4 0 0 9 E - 0 1  4 .58E-01 
-9.55E-01  -2 .57E-01 3 .82E-01  - .67E-01  -2 .96E-01  1 .48E-01 
-7.96E-01  -4 .19E-01 2.52E-01  1 .59E-01  -5 .02E-01  -5 .48E-02 
-5 .30E-01 -7 .20E-01 2.09E-01  3.25E-01  -6.60E-01  -8.L7E-04 
-9.44E-01  -2 .98E-01  -6 .95E-02  -8 .49E-02  7 .46E-02  -7 .58E-02 
-2.98E-01  -4 .19E-01  6 .74E-02  -3 .76E-01  -3m55E-01  4 .39E-01 
1.59E-01  9.44E-03  -4.99E-02  -5.78E-01  -5.19E-01  5.06E-01 
-1.55E-01 - 4 . 5 9 ~ - 0 ~   3 . 8 3 ~ - 0 1   - 4 . 5 9 ~ - 0 4   - 3 . 7 1 ~ - 0 1  ~ . ~ O E - O L  
-5.87E-01 -2 .25E-01 5.95E-02 4 .78E-01 -2 .565-01 -9.79E-03 
-3.59E-01 6.59E-01 -3 .77E-01 -1.78E-02 -2.58E-01 2 .26E-01 
-3 .35E-01 8.48E-01 -1 .35E-01 -4.48E-01 - 2 . 3 l E - 0 1  4.40E-02 
-3.01E-01 4.01E-01 -1 .9ZE-01 -6.23E-02 4.99E-01 1.97E-01 
2.34E-01 -2 .07E-01 3 . 4 7 E - 0 1  4 .39E-01 4.39E-01 3.936-0: 
1 .90E-01 -6 .93E-01 6 . 8 5 E - 0 1  5.67E-01 -1.72E-01 3.22E-01 
5 .10E-01  -6 .88E-01  4 .19E-01  2 .27E-01  -4 .27E-0%  3 .10E-01 
4 .89E-01  -5 .71E-01  -2 .42E-01  3 .16E-01 -5.415E-01 -1 .12E-01 
-2.69E-01 -7 .02E-01 -2.1OE-01 3.71E-01 -4.64E-01 -3.50E-01 
-5.16E-01 -8 .48E-01 - 4 - O l E - 0 1  -8 .83E-02 3.OZE-01 -3 .94E-01 
-4.45E-01 -8.8RE-01 -7 .61E-01 1.78E-01 1.86E-OP -7.84E-01 
-1 .50E-01 -9.15E-01 -5 .40E-01 3.58E-01 7 .60E-03 -5.35E-01 
1.8ZE-01  9 .18E-91  3 .08F-01  1 .95E-01  9 .97E-02  4 .56E-Oi  
-1 .80E-02 - 5 . l b E - 0 1  6 .72E-01 -1 .56E-01 4.24E-01 3.67E-OP 
-4 .11E-91 2.21E-01 3 .59E-01 4.23E-02 5.62E-01 -3.45E-01 
-3.hOE-01 3.23E-02 -9.44E-02 - 1 , l l E - 0 1  8.37E-01 -2.03E-01 
3 . 3 5 E - 9 1  8.43E-02 4 . 6 9 E - 0 1  -4.40E-02 9 . 4 6 F - 0 1  -1.78E-01 
2.1RE-01 2 . 8 l E - 0 1  6 .76E-01 5.49E-01 4.20E-01 -3.42E-01 
-9 .61F-02 -6.39E-02 2.14E-01 4.82E-01 -5 .62E-01 6.42E-03 
-1.59E-01 1.41E-01 -4.46E-OP -1.93E-01 -5.90E-01 7.29E-02 
-1.31E-01 -6.54E-02 -5 .93E-01 1.25E-01 2.36E-01 -2 .00E-01 
8.71E-01 3.62E-01 5.90E-01 7 .26E-01 6.97E-01 4.23E-01 
3.57E-01 3.33E-01 4.89E-01 4 .89E-01 6.13E-01 -3.92E-01 
-9.26E-02 -4.77E-02 -8.05E-02 6.56E-01 4.21E-01 -4.92E-01 
2.39E-01 2.44E-01 2.25E-01 5 - 6 0 E - 0 1  1.93E-01 5.79E-02 
-1.78E-01 4.4RE-01 4 .98E-01 1.82E-01 -3.47E-01 -3.80E-01 
5.46E-01  L.23E-01  5.35E-02  7.50E-01  6.57E-01  3.48E-OP 
-7.22E-01 7.70E-02 1 .40E-01 6.34E-01 -2.53E-01 -8.73E-01 
-8.40E-01 2.40E-01 3 .00E-01 8 . 6 0 s - 0 1  - 5 - 0 0 E - 0 2  -8.50E-01 
-9.39E-01 2.35F-01 4.61E-01 7 .23E-01 -2.36E-01 -7.23E-01 
-9.66F-01 5.01E-02 1.90E-01 4.64E-01 1.41E-02 -3 -80E-01 
-9.43E-01 -2.16E-01 7 . 4 5 5 0 2  -2.73E-01 1.78E-01 3.45E-01 
-8.70E-01 -4.12E-01 -1 .52E-01 -4.94E-01 ‘t.42E-01 5 - 1 7 E - 0 1  
-6.95E-01 -6.65E-01 4 - 7 9 E - 0 1  -3.86E-01 4.16E-02 7.54E-01 
-3.74E-01 -7.87E-01 8 - 7 4 E - 0 1  1.14E-02 -4.22E-01 6.81E-01 
2.79E-01 -8.OBE-01 5.50E-01 6.38E-01 -5.10E-01 8 - 3 6 E - 0 1  
2.43E-01 -6.19E-01 3 - 3 4 E - 0 1  8.26E-01 - 7 - L L E - 0 1  4.7OE-01 
-6.18E-01 -2 .08E-01 2 - 8 0 E - 0 1  5 o R 8 E - 0 1  - 4 0 7 6 E - 0 1  -1.79E-OL 
-8.63E-01 1.96E-01 -3.84E-01 5.70E-01 4 . 8 l E - 0 1  -3.28E-01 
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Tab le A-15 HARD SURFACE CROSS SPECTRAL DENSITY 
C O - L R  OUO-LR CO-LT  QIJD-LT CO-R T QUI)-RT 
9.84E-01 1.32E-01 9 . 9 0 E - 0 1  9.97E-02 9.99E-01 -3.32E-02 
9 .62E-01 1. .6ZE-Ol  9 .76E-01 1 - 3 2 E - 0 1  9 .98E-01 -3.14E-02 
9 .h2E-01 - 0 x 7 h E - 0 2  9 .A5E-01 1.60E-02 9.75E-01 1.11E-01 
7 . 3 9 E - 0 1  -7.6LE-04 7.84E-01 2.52E-01 9 .44E-01 2.38E-01 
4.24E-01 3.34E-01 4.9OE-01 6 .33E-01 8.90E-01 2 .54E-01 
6 . 7 3 E - 0 1  2.01E-02 7 .39E-01 4 .97E-01 7.97E-01 4 .25E-01 
9 . 0 8 E - 0 1  1 .59E-01 9 . 3 6 f - 0 1  2 .94E-01 8 .92E-01 1 . 2 1 E - 0 1  
9 .32E-01 3.63E-01 9 . 5 3 E - 0 1  -2.77E-02 R.80E-01 -3 .73E-01 
E.97E-01 1 .21E-01 9 . 3 1 E - 0 1  -3 .25E-01 7 .96E-01 -4 .01E-01 
8 .58E-01 -2 .49E-01 9 . 4 7 E - D l  - 2 . 9 5 E - 0 1  8 .87F-01 -9.22E-C'3 
4 .86E-01 -1 .28E-01 9 . 9 3 E - 0 1  -8.63E-02 5 .16E-01 -1.7RE-02 
-7 .70E-02 -5.53E-02 9 . 3 5 E - 0 1  2 .13E-01 - 1 . 4 7 E - 0 1  1 . 0 3 E - 0 1  
5 . 1 3 E - 0 1  5.95E-02 8 .29E-01 2 .73E-01 2 . 7 6 E - 0 1  1 . 6 8 E - 0 1  
9 . 0 7 E - 0 1  3.57E-01 7 . 8 4 E - 0 1  - 3 . 0 2 E - 0 1  4 . 8 8 E - 0 1  -5 .32E-01 
R.23E-01 1.A6E-01 6 . 7 2 E - 0 1  -3 .35E-01 1.60E-01 -5.ORE-01 
7 .40E-01 -1 .93E-01 6 . 4 8 E - 0 1  1 - 8 5 E - 0 1  8 .19E-03 9.77E-02 
7 .99E-01 2.2hE-01 8.3AE-01 2 .27E-02 4 .48E-01 - 3 . 0 7 F - 0 1  
6 .06E-01   1 .9ZE-01   9 .20E-01   -1 .05E-01   7 .37E-01   -1 -69E-01  
-I.ZRE-OL - 3 . 5 0 ~ - 0 1  ~ . L ~ E - O I  -4.331301 2 . 6 0 ~ - 0 1   5 . 3 4 ~ - 0 1  
-6.28E-01  1 .20E-01  7 .83E-01  5 .13E-01  3 .94E-01  2 .AOE-01 
-3 .63E-01 3 . 4 4 E - 0 1  7 .99E-01   -3 .32E-01  -8 .81E-02 -3 .04E-01 
-2 .50E-01   -4 .30E-01   6 .59E-01   -5 .99E-01   3 .45E-01   2 .14E-01  
-2 .41E-01  -5 .35E-01  7 .65E-01  -4 .65E-01  1 .85E-01  6 .04E-01 
9 .90E-02  -2 .05E-01  5 .16E-01  -1 .25E-01  5 .80E-01  5 .6RE-01 
-8 .47E-02   -4 .20E-02   -4 .e7E-02   -9 .54E-02   8 .24E-01   5 .5RF-01  
S . ~ R E - O ~  - 4 . 9 ~ ~ - 0 2  4 . 5 8 ~ - 0 1  I . z ~ E - ~ I  R . I ~ E - O ~  4 . 2 5 ~ - 0 1  
8 . 3 5 E - 0 1  -2 .63E-01 7.0RE-01 -2 .67E-01 9.13E-01 -5 .50E-02 
3 .31E-01 -3 .03E-01 4 .73E-01 -6 .50E-01 6 .55E-01 -4.06E-01 
-3.99E-02 7.53E-02 4 .45E-01 - 5 . 2 4 s - 0 1  2 . 0 9 t - 0 1  -6.71E-01 
-4.47E-02 -8 .80E-02 - 2 . 2 4 E - 0 1  - 6 . 0 0 E - 0 1  3 .36E-01 -2 .65E-01 
-2.63E-01 1 .67E-01 -7. f lZE-01 - 2 . 3 5 E - 0 1  1 .64E-01 1 .90E-01 
-4 .60E-01 1.3BE-01 -4.r33E-01 2.14E-01 3.88E-02 -5.24E-01 
-4.04E-02 1.96E-01 4 .15E-01 -2.20E-01 1.71E-01 -7 .86E-01 
4 .62E-01 -3 .56E-01 5 .45E-01 -7.44E-01 7.04E-01 -3 .81E-01 
4 . 4 8 ~ - 0 1  - 2 . 5 7 ~ - 0 1  5 . 7 2 ~ - 0 1  - 4 . 1 2 ~ - 0 1  8 . 1 2 ~ - 0 1  - 4 . 3 6 ~ - 0 1  
-1.19E-01 5.60E-01 6 .76E-01 2.31E-01 3 .41E-01 - 8 . l O E - 0 1  
- 1 . 3 2 E - 0 2  9.17E-01 8 . 4 5 E - 0 1  -b.06E-02 -4 .85F-02 -9 .69E-01 
3.12E-01 9.15E-01 9 . 1 0 E - 0 1  -2.72E-01 4 .18E-02 - 9 . 7 8 F - 0 1  
3 .60E-01 R.66E-01 7 .51E-01 2 .53E-01 3.55E-01 -5 .69E-01 
6 . 9 0 E - 0 1  5.59E-01 4 .11E-01 7 .95E-01 5 .80E-01 3 . 6 7 E - 0 1  
5.42E-01 3.4LE-02 4 .60E-01 5 . 3 2 E - 0 1  4 .29E-01 8 .44E-01 
-8.10E-02 - 1 . 1 2 E - 0 1  7 .19E-01 - 1 . 6 0 E - 0 1  2 .03E-01 5 .4AE-01 
-5 .23E-02 1.49E-01 7 .89E-01 -3 . lOE-01 4 .04E-01 1 .76E-02 
-2 .06E-01 2.19E-02 5 .82E-01 -6 .52E-01 2.03E-01 1 .51E-01 
-1 .73E-02 1.4l.E-01 3.38E-01 -4.2RE-01 -5.1EE-01 - 1 e R 9 E - 0 1  
-1.13E-02 -1 .53E-01 1.7RE-01 2 - 5 0 E - 0 1  - 9 . 1 9 E - 0 1  -2.flOE-01 
-4 .67E-01 -9.51E-02 3 .78E-01 -1 .83E-01 - 5 . 1 4 E - 0 1  - 1 . 4 8 E - 0 1  
-4.07E-01  - .13E-01  3 .10E-01  -6 .34E-01  2 .86E-01  - .95E-01 
-6 .19E-02  5 .h2E-01  h .39E-01 -1 - 4 2 E - 0 1   3 - 3 9 E - 0 1   - 6 . 4 1 E - 0 1  
-1 .57E-01   8 .73E-01   3 .80E-01   3 .23E-01   5 .75s -01   4 .56E-01  
-3 .05F-01   6 .41E-01   - . f l 5E-01   -2 .44E-02   6 .64E-01  -A.lRE-02 
3.50E-01  6 .37E-01 3 .6LE-01  -5 .09E-01  2 .83E-01  -6 .37E-01 
3.57E-01  5 .54E-01  3 . 0E-01  -4 .77E-01  2 .69E-01  -7 .90E-01 
-4 .96E-01  4 .39E-01  -1 .7RE-01  1 .24E-01  5 . 5E-01  -5 .13E-01 
-7 .98E-01 4.0hE-01 3 .50E-01 5.74E-01 b.48E-03 -7.1RE-01 
-5.47E-01 2.3hE-01 3 . 8 5 E - 3 1  7.96E-01 -2 .91E-01 -4 .07E-01 
-1.26E-01 2.78E-01 - 3 . 2 7 E - 0 1  6 .95E-01 3.19E-01 1 .71E-01 
-5 .35E-01 3.34E-02 -8.53E-01 1 .60E-01 7.32E-01 7.11E-02 
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APPENI I X  B 
SOIL MEASUREMENTS AND ANALYSIS 
B , I I NlRODUCTI ON 
In  Reference I a m d e l  r e p r e s e n t a t l o n  o f  y l e l d l n g  s u r f a c e  (soil) behavfor 
under  the  dynamlc  actfon  of  the  passage  of  a  vehlcle was formulated. This 
model p lus  da ta  desc r ib ing  veh lc le  s t ruc tu ra l  cha rac te r l s t l cs  enab les  a 
theoret lca l  cornputat lon to  be made of  vehlc le  mot ions Induced by rough ter ra in .  
The theore t lca l  veh ic le  response Is necessar i l y  dependent  upon  advanced know- 
ledge  of  the  undlsturbed  surface  roughness  along  the  Intended  track. In 
addft ion,  use of  the model r e q u i r e s  i n f o r m a t i o n  d e f  l n l n g  c e r t a l n  s u r f a c e  ( s o i l  1 
proper t l es  and the nature of the vehlc le-sur face contact .  
The s u b j e c t  l n v e s t l g a t l o n  Is concerned w l th  p red lc t ing  the  dynamlcs :of 
two t e s t  v e h l c l e s  ( t r u c k  and t r a i l e r )  and maklng comparlsons w l t h  v e h l c l e  
runs conducted over a' surveyed courseb The model whlch Is app I i e d  ( t h e o r e t  lcal  
c a l c u l a t i o n s )  Is based p a r t l y  on d i r e c t  f i e l d  measurements o f  su r face  l aye r  
c h a r a c t e r l s t i c s  and p a r t l y  on best  est imates of  o ther  sur face phys ica l  descr lp-  
t Ive constants.  I nves t lga t  Ions performed by the U.S. Army Englneer Waterways 
Exper lment  Stat lon,  which aetermlned the deta i l  o f  t i re  deformat ions In so i l ,  
a l s o  were influential In forming the mode1.(12)(13)(14) 
B .2 SURFACE MODEL 
It was postu la ted(1)  that  the dynamic so l  I reac t ion  fo rce  ac t  ing  on  a 
v e h i c l e  wheel opposing I t s  sfnkage may be expressed by EquatIon (6 -11 .  
% Is the so i l  reac t i on   f o rce .  01 (21, 02(%1, 'and 07,ti') are   func t ions  
dependent, respec t ive ly ,  upon sol1 pene t ra t i on  (E1 by  the  wheel, r a t e  o f  
B-1 
change o f  s o i l  p e n e t r a t i o n  (21, and r a t e  o f  change o f  s o i l  p e n e t r a t i o n  r a t e  
(g) .  01(Z), as formulated, is time independent and, therefore,  is considered 
i d e n t i c a l l y  e q u a l  t o  so i l  r e a c t i o n  t o  s t a t i c  load. 
I 
RS 
F i gure 8-1 WHEEL30 I L I NERACTI ON 
The con   t ac t   i n te r f  ace between whee I and soi  I Is cons f dered  to  be a f I a t  
plate area "A". From F igure  8-1, the equation* determinlng. wheel motion on a 
y i e l d i n g  s u r f a c e  i s :  
where Q is wheel mass, and FY Is the  dynamic  force  imparted  by  fhe  vehicle 
body to   t he   Wee  I .  
B-2 
Exp l i c i t   exp ress ions  may be ob ta ined   f o r  0,(%1 and Ca,<gl i f  the . 
e l a s t i c  p r o p e r t i e s  o f  t h e  s u r f a c e  l a y e r  a r e  c o n s i d e r e d  i n f l u e n t t a l .  This 
approach is suggested by the theory for v ib ra t ing  foundat ions  suppor ted  by 
S O ~ I S ~ ( ~ ) ( ~ ~ ) ~ ~ ~ ) ( ~ ~ ) ( ~ ~ ~  If an analogy  between a dynsmical ly   loaded  foot ing 
and  a dynamically  loaded  wheel is accepted, 0$%1 is a damping a c t i o n  
opposing wheel penetrat ion associated with the propagat ion of  stress waves 
throughout  the  soi l ;  Q(Z1 is a r e t a r d a t i o n  t o  wheel penetrat ion  caused  by 
t h e  i n e r t i a  o f  s o i l  i n  p r o x i m i t y  Po w h e e l s o i l  c o n t a c t  area. 
Sof I Propert   fes 
mass dens I t y  f: Youngs hbdu Ius 
u , Poissons  Rat io 
Foot 1 ng 
Charac t e t  is t i c  
A, contact   area 
E 1 as t ? c  Theory 
Coef f   t c ten ts  
bo, sol I damping 
clo s o i l   e f f e c t i v e  
mass 
Wi th  respec t  t o  OltZ), i t  was proposed i n  Reference 1 t h a t  a definition 
be obta ined f rom standard p la te penetrometer  tests  (s ta t ic  loading)  of so? 1. 
Techniques fo r  co r re la t i on  o f  p la te -s inkage  ve rsus  s ta t i c  l oad  occu r  f requen t l y  
i n   t h e  I i t e r a t ~ r e . ( ~ ~ ) ( ~ * ) ( ~ ~  
For the purpose of  the subject  study, i t was considered appropr ia te and 
exped ien t  to  ob ta in  the  fo rm o f  Ol(Z) d i r e c t l y  u s i n g  t h e  s i m p l e  t e s t  v e h i c l e  
( f r a i l e r )  p l u s  b a l l a s t  w e i g h t s  a t  t h e  t e s t  s i t e  r a t h e r  t h a n  i n d i r e c t l y  u s i n g  
penet ra t ing   p la tes .  A remarksbly  s imple  expression  for   01(Z1  represent ing 
s t  1 f f ness of the f i e  Id  course  sur f  ace l aye r  was determined  from  the mean data 
B-3 
of  severa l  sampl i n g  measurements (Equat ion B-51. 
01 (Z)  = kZ ( B-5 1 
8.3 LOAD SIWAGE MEASUREMENTS 
The layout  o f  the  y ie ld ing  sur face  tes t  course ,  loca ted  a t  the  nor theas t  
corner  of  the  Chrysler  Chelsea  (Michigan)  Proving Ground, i s  shown i n  
F igure  8-2. The actual   course was 300 f t .  i n  l e n g t h  and d i v i d e d  i n t o  s i x  
50 f t. segments. On November 7, 1967, s u r f  ace layer  s t  i f f  ness measurements 
were conducted w i t h  t h e  s i n g l e  wheel t e s t  t r a i l e r  p l u s  b a l l a s t  w e i g h t s  w i t h i n  
each  zone a i  of fse ts  approx imate ly  IO f t .  sou th  o f  t he  t rack  cen te r l i ne .  On 
November 8,  1967, dynamic tes t  runs  were conducted with truck and t r a l  l e r  over 
the t rack.  Tab l e  B-I presents average cone index readings* taken each day 
w i t h i n  t h e  s i x  zones both inside the track and at  the locat ions of  the sur face 
s t i f f n e s s  t e s t s .  Each reading  tabulated Is the mean of  5 probes  randomly 
spaced. The readings ind icate smal l  sur face proper ty  change w i t h i n  any one 
zone and sma I I change over 24 hours. However, a grad lent  increase On r e s  Is t- 
ance t o  probe penetrat ion (a 1.6 f a c t o r )  i s  i n d i c a t e d  i n  t h e  r u n  d i r e c t i o n  
(west  to  eas t )  from end t o  end o f  the course. 
The s u r f  ace I ayer s t i f  f ness tests  were a measurement of t r a  i l e r  hub move- 
ment  versus  load. The technique i s  g i ven   I n   F igu re  8-3. Ti re   s lnkage w a s  not  
a d i rec t  obse rva t i on  because o f  t i r e  d e f l e c t i o n  i n  t h e  s o l  1. G r id  I ines 
t raverse  Po t h e  r o l l i n g  wheel, spaced approximately 18 inches apart, were marked 
on  the  undeformed  surface. The wheel  path was pro jec ted  and sur face  e leva t ions  
%one Index Reading - the average pressure  (ps i )  requ i red  to  ma 
ment o f  a  cone  shaped  probe (30 degrees t o t a l  apex angle.- 1/2 
base area: normal t o  s o i  I s u r f  ace through the layer from zero 
depth a 
i n t a  I n move- 
square  inch 
t o  6  inches 
t 
N 
S t  I f f  ness kasurements 
b wl t h   t ra f   l e r  
aa bb "37 Truck  Track 
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Ffgure 8-2  YIELDING  SURFACE  TEST COURSE 
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Table B-I 
C O E  INDEX READINGS (PSI) 
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H = hub  movement under s t a t i c   l o a d  
Y I  = hub center   locat ion  f rom  level  da 
Yo = undeformed surface  locat ion  f rom 
r = t i r e   r a d i u s  (undef  lected) 
8 = t i r e   d e f l e c t i o n  
Z = t i r e   s i n k a g e   i n  s o i l  
turn 
leve l  datum 
F igure 8-3 DETERMI NATl ON OF HUB MOVEMENT - l R A  I LER 
(Surf  ace  Layer S t  i f f ness  Measurement 1 
B-6 
no ted   a t   t he   g r i d   i n te rsec t i ons .  The wheel,  under 
r o l l e d  to,  and  centered on an i n t e r s e c t i o n .  The e 
center  was recorded. The d i f f e r e n c e  between  undef 
l o c a t i o n  above su r face  Is c a l l e d  hub movement. 
a prescribed  load, was 
l e v a t i o n  of the whee I hub 
lec ted  t i r e  r a d i u s  and hub 
A t i r e   s i n k a g e  (Z1 was c a l c u l a t e d  by s u b t r a c t i n g  t i r e  d e f l e c t l o n  (2 1 
obta ined on a non-yielding  surface3Ht  from hub movement ( H I .  
This  procedure  is  based on  fundamental  behavfor  of  pneumatic t i res .   Cons ider  
F i gure 8-4. 
A )  TIRE AT REST 8 )  TIRE AT REST C )  ROLLING TIRE 
Non-Yielding Surface Yie ld ing Sur face Yie ld ing Sur face 
H = Hub Movement Z = T i r e  Sinkage 8 = T i r e  Def l e c t i o n  W = T i r e  Load 
= Contact Length 
F igure 8-4 DEFORMATION  OF A PNEUMATIC TIRE 
%Standard t i r e  I n f o r m a t i o n  f u r n i s h e d  b y  manufacturer. 
For  constant  load and pneumatic  pressure, i t  is s u s p e c t e d  t h a t  t i r e  deforma- 
t i o n s  f o r  a l l  t h r e e  c o n d i t i o n s  c i t e d  a r e  n e a r l y  e q u a l  s i n c e  s u r f a c e  c o n t a c t  
p ressures   a re   near ly   equa l .   In ,o rder   to   check   th is   expec ta t ion ,   the   leng ths  
of  I ines of  contact  ( $  1 f o r  r o l  I i n g  t i r e s  on s o f t  s o i  I and s t a t i o n a r y  
t i r e s  on non-y ie ld ing sur faces were ca lcu lated f rom Table I i n fo rma t ion  o f  
Reference 14. The comparison, shown i n   F i g u r e  8-5, ind icates  equal   contact  
occur red ,  w i th in  2 5%, f o r  t h e  b u l k  cji the  data;  the  data  describes  various 
t i r e s   a t   d i f f e r e n t   i n t e r n a l   p r e s s u r e s  and loads. I t  is  concluded  that   he 
p r imary  e f fec t  o f  " ro l  l i ng -y ie ld ing  su r face"  ve rsus  "a t  res t - y ie ld ing  su r face"  
i s  , i n c l i n a t i o n  o f  c o n t a c t  - see  Figure 8-4. A I  though t i r e  d e f o r m a t i o n s  (8 1 
may be considered  approximately  the same, t i r e  sinkages  are  unequal ( 4 -  # + I .  
Figure  8-6 presents  express ions for  ' 'a t  rest ' '  s i nkage (ZS 1 and " r o  I I i ngll 
s i n k a g e   ( Z r )   r e l a t e d   t o  hub movement ( H I  f o r   t h e   t r a i l e r   t e s t   v e h i c l e ;  
H i s  a f i e l d  s i t e  measurement. Zr i s  de termined  f rom  the   cons t ra in t   ha t  
I ines of  contact  ( &  1 f o r  " a t  r e s t "  and " r o l  I i ng"  cond i t ions  are  equa l .  
The foregoing  d iscuss ion poses  the  quest  ion: What sinkage (+, E, 1 
should be app l ied  t o  veh ic le  dynamics  computation? The model r e q u i r e s   t h a t  
s o i l  r e a c t i o n  be r e l a t e d  t o  t i r e  p o s i t i o n  b e l o w  s o i l  s u r f a c e  and i t s  t i m e  
der iva t ives . The ''0'' terms of Equation (B - l  1 are der ived from a concept of  
constant  depth  contact .   Therefore,  t r  appears  inappropriate. From F igure  B-6 
i t  may be seen  that  E, i s  always a rep resen ta t i ve  mean d e p t h  f o r  r o l l i n g  
contact ;  hence, f o r  s i m p l i c i t y ,  s i n k a g e  as determined  by  Equation (8-6) has 
been se lected.  
A sumnary o f  su r face  l aye r  s t i f f ness  measurements  (hub movement - H l  
o b t a i n e d  w i t h  t h e  t r a i l e r  t e s t  v e h i c l e  a t  s i x  fl,eld s 
presen ted  i n  F i,gure 8-7. The ac tua I measurements a re  
i t e   l o c a t  
g iven  i n  
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Figure 8-5 TIRE CONTACT - ROLLING ON YIELDING  SURFACE 





W - T i r e  Load, Pounds 
0 250 500 750 IO00 I250  I500 " . -  .~ 
I 
f i t I 1 
! i 8.55 x 14 T t r e  
F i g u r e  6-6 AT  REST  SINKAGE (Zs l  AND ROLLING  SINKAGE (.+I CALCULATED  FR M 
HUB MOVEMENT ( H 1 MEASURED AT TEST S I TE AND T I  RE  DEFLECT1 ON (8 1 
I 
W - T f r e  Load, Pounds 
i 
Flgure 8-7 HUB  MOVEMENT  VERSUS TIRE LOAD - TRAILER TEST  VEHICLE 
(Surface Layer St i f fness Measurement)  
~~ ~ ~~~ 
Tab l e  8-2 7RA I LER HUB SI NKAGE  DATA 
Tota I Load Pounds 
Ba I I a s t  Load Pounds 







To t a  I 
H = A v g  S + Z  
-8 













582 883 I185 
( 302 1 (603 I (9051 
Sinkage i n  Inches 
I .01 I .56 3.28 
I .33 I .80 2.55 
I .42 I .79 2.34 
I .50 I .93 2.45 
I .01 I .93 2.71 
I .27 I .98 2. I 6  
7.54 10.99 15.49 
I .26 I .83 I 2.582 - 0.56 - 0.76 - 0.95 










3.213 - 1.14 
2.073 
A p p l i e d  t i r e  l o a d  v a r i e d  f r o m  n e t  t r a i l e r  w e i g h t  o f  280  Ibs t o  1486 Ibs gross 
h e i g h t  w i t h  b a l l a s t .  An a t t e m p t  t o  c o r r e l a t e  r e s u l t s  w i t h  t h e  p r e v i o u s l y  
mentioned cone index gradient along course length was not successful ;  hence, 
t he  to ta l  da ta  was lumped together to determine a mean l i n e a r  v a r i a t i o n  of 
H versus VJ based  on l eas t   squares .   Sub t rac t i ng   t i r e   de f l ec t i on  (8) 
f rom hub movement ( H I  y ie lds   inkage (Z1 as shown i n   F i g u r e  8-7 and 
Table 8-2. 
H = W/490 + 0.19 
2 = W/715 
01(ZI = 715 iZ T r a i l e r   T e s t   V e h i c l e  
I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  p r e d i c t e d  s o i  I c o n s o l i d a t i o n  s p r i n g  r a t e  
is  a c t u a l l y  a spr ing  "cons tan t "  of 715  pounds per  inch.  Attempts  to f It non- 
l i nea r  l i nes  th rough  the  da ta  resu l ted  i n  neg l i g ib le  h ighe r  o rde r  te rms  e i the r  
fo r   exponent ia ls   o r   po lynomia ls .   Th is  is  a t t r i b u t e d   t o   t h e   f a c t   t h a t   w h i l e   t h e  
so i l  ge ts  so f te r  w i th  i nc reased  pene t ra t i on ,  t he  t i r e  l oad ing  a rea  i nc reases  and 
the two factors  seem to cancel  over  the I im i ted  range o f  penet ra t ion  o f  in te res t  
i n  these  tests.  
B-12 
It was n o t  p r a c t i c a l  t o  o b t a i n  01(Z) f o r  t he  t ruck  by  a  s lm i la r  method 
because the four wheel loads unevenly distr ibuted on rough ter ra in  could not  
be measured  accurately.   Instead,  the  correlat ion  obtained  in  Reference 13 
between t i r e  sinkages, "Z/D," and the numeric,* was appl  led 
t o   i n f e r  01. Denot ing  t ruck and t r a i l e r  by the  subscr ip ts  I and 2, 
respec t   i ve  I y, 
28.2 x 10.75 * - I b  
35.1 8.3 i n  
Ol(Z) = lo00 t It-uck  Test  Vehicle 
8.4 EVALUATION OF DYNAMIC TERMS 
Table 8-3 presents a I i s t  of phys ica l  cons tan ts  requ i red  to  es tab l i s t i  
magnitudes  of  02(1) and 03(%) - see  Equations (8-31(8-4). A d iscuss ion follows. 
Soi I Proper t ies  
S o i l  a t  t h e  t e s t  s i t e  was analyzed as a mois t  sand4 lay  mix tu re .  
A s o i l  s p e c i f i c  g r a v i t y  o f  1.6 was found from the weighing of samQles. 
equals t i r e  c a r c a s s  w i d t h  
CI equals surface cone  index 
B-13 
Tab I e 8-3 PHYSICAL CONSTANTS YIELD I NG SURFACE 
~ . -. " - - - :  . .  
Mass  Dens I t y  3. I Ib   sec2/ f  t4 
Poissons  Rat i o  0.4 
Youngs Modu I us, E 
Max i mum 1.0 x IO6 I b / f t 2  
Mi n imum 0.4 x IO6 I b / f  t2 
Coef f i c  Tents 
Damping,  bo 




E f f e c t i v e  Mass, CI 
Tra i I e r  I .6 
Truck I .6 
T i r e  C h a r a c t e r i s t i c  
Contact Area, A ... l g  
8.55 x 14 ( T r a i l e r )  0.21 f t 2  
9.00 x 16 (Truck)  0.27 f t 2  
The weights measured are shown i n  Table 8-4. 
Polssons  Rat io ( u  1 f o r   e a r t h   s o i l s   v a r i e s   f r o m  1/3 ( s a n d )   t o  
1/2 (c lay)!15) An in termediate  va lue (0.4) was chosen. 
The measurement of  Youngs Modulus ( E ) ,  wh ich  requ i res  spec ia l  
technique and labora tory  (solls) equipment, was not  undertaken. Maximum 
(moist sand) and a minimum (wet  c lay)  va lues were se lected (Table 8-31 
f rom  the  data  c i ted  in   Reference 15 (Chapter I ) .  E is  e s t i m a t e d   t o  be 
uncer ta in   by a f a c t o r  o f  2.5; t h e r e f o r e ,  t h e o r e t i c a l  s o i l  damping due t o  
e l a s t i c   e f f e c t s  i s  uncertaln  by a fac to r   equa l  1.58. Computer 
s i m u l a t i o n  shows a n e g l i g i b l e  e f f e c t  o f  t h e s e  u n c e r t a i n t i e s  on v e h i c l e  
motion. 
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MEASUiEMENTS FOR DETERMINING SOIL DENSITY 
Locat Ion  
~ 
A I  
A 2  
E l  
E2 
C I  
c 2  
D l  
D2 
E l  
E2 
F I  
F2 
vo I ume 
cu. f t .  
. 0 I 625 




. 0 I 450 
.01 IO0 
.02275 
. 0 I 925 
. 0 I675 
. 0 I 625 
. 0 I 400 
. . - - . - - - 
Weight  Dens 1 t y  Specif IC 
Ibs. I b / c u .   f t .  Grav I t y  
~ 
I .245 76.6 I .23 
I .360 77.7 I .24 
I .210 96.8 I .55 
0.960 91.4 I .46 
I .380 I 10,4 I .77 
.9 I 5  132. I 2.12 
.540 140.0  2.24 
.990 87.5 I .40 
.600 83. I I .33 
.555 92.8 I .49 
.490 91.7 I .46 




97.93 I .57 
Coef f i c  fen ts 
The damping c o e f f i c i e n t   ( b o )  and e f f e c t i v e  mass c o e f f i c i e n t  ( c l )  
a r e   t h e o r e t l c a l l y  dependent  upon  Poissons R a t i o  (U). Values  are 
tabulated in  References 16 and 1 .  
T i r e  Contact Area "A" 
T i re  con tac t  a rea  ( A I  v a r i e s  i n  a compl icated way w i t h  t i r e  s i n k -  
age ( E l .  This  behavior may be best   apprec ia ted   f rom  re la t ions   o f  A 
and if t o  t i r e  def l e c t i o n  ( 8 1. 
A Versus 8 
Reference 22 suggests  Equat  ion (8-7 1 
D = t i r e  diameter 8 = t i r e  def l e c t i o n  
w = t i r e  carcass width C = dimensionless  coef f i c i e n t  
( 8-7 I 
F igu re  B-8 shows that  Equat ion (8-71 can be f i t t e d  a p p r o x i -  
m a t e l y  t o  a c t u a l  t i r e  c h a r a c t e r i s t i c s  f o r  t h e  two tes t  veh ic les .  
Manufac turer ' s  t i re  da ta  and s u r f a c e  s t i f f n e s s  r e s u l t s  
(F igure 6-71 are  ind ica ted  by the fo l  lowing sketches.  
W - 4 
D e f l e c t i o n  vs. Load 
Non-Yield Surface 
tlub Movement vs. Load 











S i n g l e  Wheel 
Tra 1 I e r  
9.00 x 16 
8.55 x 14 
35. I#' 
28.2" 
L .L " " 
C = 2.96 
-9.00 X 16 - . _ _  
- 
I I .5 2 2.5 
8 - D e f l e c t i o n   i n c h e s  
F i g u r e  6-8 TIRE CONTACT AREA ( A )  VERSUS TIRE DEFLECTION (8 1 
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APPEND I X  C 
VEHICLE FIELD TEST  MEASUREMENTS AND ANALYSIS 
C .  I TESTS 
Measurements  were ob ta ined f rom s ix  dynamlc t e s t s  of  the two veh ic les  
i n  the  fo rm o f  acce le ra t i on  reco rds .  The t ruck,  a standard "37, was 
operated  unloaded. The spec ia l l y   des igned  s ing le  wheel t r a i l e r  which  featured 
a long tow arm t o  reduce coupl ing of  the towing vehic le ,  the t ruck,  requi red 
a b a l l a s t  l o a d  t o  have  the  sprung mass c.g. d i r e c t l y  above the center  of the 
t i r e  patch. The t r a i l e r  had a G.V.W. o f  800 pounds us ing an 8.55 x 15" 
au tomot i ve   t i r e .  The dynamic t e s t  r u n s  were  conducted as fo l lows:  
a )  Truck  a lone  over  rough  y ie ld ing (SOFT) sur face   a t  3 mph. 
b )  Truck  alone  over  rough  non-yielding (HARD) s u r f a c e  a t  3 and 
6 mph - two consecut ive runs. 
c )  T r a i l e r  towed  by truck  over  rough SOFT s u r f a c e  a t  3 mph. 
d l  T r a i l e r  towed by truck over rough HARD s u r f a c e  a t  3 and 6 mph - 
two consecut ive runs. 
A s i n g l e  r u n  was used on t h e  s o f t  s u r f a c e  s i n c e  t h e  p r o f i l e  measurements 
had t o  be made p r i o r  t o  each run, and t h e  s u r f a c e  p r o f i l e  was s i g n i f i c a n t l y  
a l t e r e d  by the vehic le  passage. The p r o f ' i l e s  were se lec ted  so t ha t  t he  t ruck  
wheels  fol lowed  the same t racks   whether   car ry ing   the   t ra i le r   o r   no t .   In  
o the r  words, the  t ruck ,  wh i le  car ry ing  the  t ra i le r  over  the  so f t  sur face ,  
fo l lowed the same r u t s  i t  had le f t  f r om the  p rev ious  tes t ,  and t h e  t r a i l e r  
f o l  lowed between these r u t s  on a v i r g i n  p r o f i l e .  
C .2 I NSTRUMENTAT I ON 
Due to  the  low tes t  speeds, the s tandard t ruck speedometer was impossible 
to  use fo r  de termin ing  veh ic le  speed  and ma in ta in ing  a cons tan t  tes t  speed. 
c -1  
In  order to  o b t a i n  a constant speed, which i s  e s s e n t i a l  f o r  t h e  s t a t i s t i c a l  
p rocess ing  o f  acce le romete r  da ta  as  necess i ta ted  i n  th i s  ve r i f i ca t i on ,  a 
tachometer was placed  upon  the hood o f  the  t ruck .  The tachometer was c l e a r l y  
v i s i b l e  t o  t h e  d r i v e r  as  he fo l lowed a course,and by monitoring englne rpm 
i t  was demonstrated through repeated runs on a leve l  sur face ,  tha t  he cou ld  
main ta in  qu i te  accura te ly  a constant speed. 
The gear ranges were selected for the tests so that the tachometer 
reading was approximately 2000 rpm. S p e c i f i c a  
t ransmission was opera ted  in  low gear  and the 
r a t i o ,  w h i c h  r e s u l t e d  i n  2100 rpm f o r  t h e  s o f t  
wheel s I ippage, 2030 rpm fo r  t he  ha rd  su r f  ace. 
surface,  the  transmission was opera ted  i n  
h igh  or  I : I  r a t i o ,  an engine  speed o f  2080 
the course between designated pole markers 
reasonably constant, and was f e l t  adequate 
I l y ,  f o r  t h e  3 mph run, the 
t r a n s f e r  case a lso  in  the  low 
su r face  and, due t o  l e s s  
For 6 mph on the hard 
low  gear  and  the  transfer  case i n  
rpm was used. Timing  the  test  over 
showed that the speed was he ld  
f o r  t h e  r e q u i r e d  t e s t  speeds. 
Standard Kist ler force-balance accelerometers were used to  ins t rument  
both  the  towing  vehic le  and t h e  t r a i l e r .  The t ruck  had f ive  accelerometers 
mounted on i t  located as shown i n  F i g u r e  C-.I. One accelerometer was mounted 
on t h e   f l o o r  pan a t   t he   l oca t i on   o f   t he   veh ic le  c.g. The front  accelerometer 
was at tached onto the winch support  to monitor the fur thermost forward point  
from  the .c.g. poss ib le  on t h e  c e n t e r l i n e  of  the  t ruck.  A th i rd   accelerometer  
was mounted a t  t h e  r e a r  n e a r  t h e  t r a i l e r  h i t c h  p o i n t .  The other two accelero- 
meters   were   pos i t ioned  to   the   le f t  and r i g h t  of  the c.g. locat ion.  The 
t ra i le r  acce le rometer  p lacements  dur ing  the  f ie ld  tes ts  a re  ind ica ted  in  
F igu re  C-2. One  was a t  the  f ron t  o f  the  towing  arm  near  the h i t c h  p o i n t .  
One  was mounted a t  t he  wheel s p i n d l e  t o  measure  wheel motlons, and the t h i r d  
c -2 
F igure C-l ACCELEROMETER LOCATIONS ON "37 
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was a t  t h e  c.g. d i r e c t l y  a b o v e  t h e  c e n t e r  o f  t h e  t i r e  p a t c h  o n  t h e  t r a i l e r  
bed. 
The ou tpu t  o f  a l l  acce le romete rs  du r ing  tes t i ng  were recorded d i rec ly  
on an f.m. mult i -channel  tape recorder which also al lowed an audio recording. 
The r e c o r d i n g  o f  t h e  e x p e r i m e n t e r ' s  c m e n t s  d i r e c t l y  w i t h  the data al lowed 
easy v e r i f i c a t i o n  o f  t h e  s i t e  and knowledge o f  any extenuat ing c i rcumstances 
wh ich  ex is ted  dur ing  tha t  tes t  sequence. 
F igu re  C-3 shows some of  the inst rumentat ion as  used  on the M37 veh ic le .  
The tachometer i s  mounted  on the hood i n  f r o n t  o f  t h e  w i n d s h i e l d  c l e a r l y  i n  
the  v iew o f  the  dr iver .  The front  accelerometer  can be  seen  on  the  winch 
support .   Figure C-4 shows the f.m. tape  recorder   ins ide  the  vehic le  and t h e  
accelerometer mounted  above the  frame on t h e  l e f t  s i l l  used t o  c a l c u l a t e  
r o l l   a c c e l e r a t i o n .  
C .3 PRE-PROCESS I NG OF DATA 
Wlth a proper combining of fore and a f t ,  and l e f t  and r ight  accelerometer  
recordings., i t  was p o s s i b l e  t o  c a l c u l a t e  r o l l  and p i tch  mot ions  o f  the  t ruck  
assuming r i d g e  body motion. The assumption  of r i g i d  body motlons was v e r i f i e d  
in  the  f requency  range o f  in te res t  by comparing  the sum o f  t h e  l e f t  and r l g h t  
accelerometers  wi th  twice  the  accelerat ion  at   the  c.g.  The same procedure was 
used t o  v e r i f y  t h e  b e n d i n g  mode of t h e  v e h i c l e  by comparing the sum o f  t he  
f o r e  and a f t   acce le romete rs   w i th  two t imes  the c.g. accelerat ion.  It was 
determined  that  the  fundamental  bending  and  torsional modes o f  the  t ruck  
frame-body combination were above the dynamic range of  in terest  in  th is  s tudy= 
L i k e w i s e  t h e  t r a i l e r  p i t c h  m o t i o n  was determined through translat ional  mot ions 
o f  t h e  h i t c h  and  c.g. However t h e  r i g i d  body assumption was not as v a l i d  i n  
c-5 
Figure C-3 View Showing Tachometer Mounted on M37 Hood and Front 
\ccelerometer Mounted on Winch Support 
Figure C-4 View Showing Accelerometer Mounted on M37 Sil I and Tape 
Recorder in Vehicle 
c -6 
th is  case due to the bending of the long tow arm. 
The f i v e  t r u c k  and th ree  t ra i le r  acce le rometer  record ings  were  combined 
as described above, and the resul t ing s ignals  re- recorded on tape loops.  
T h i s  r e s u l t e d  i n  s i x  loops f o r  t h e  t h r e e  t e s t  c o n d i t i o n s  o f  t h e  two vehic les.  
Each loop  had  three  s ignals  per  vehic le,  i.e.,  bounce (ve r t i ca l  mo t ion ) ,  
p i t c h  and r o l l  f o r  t h e  t r u c k ;  o r  c.g.  bounce, p i t c h  and  wheel  bounce fo r  t he  
t r a i l e r .  These 18 s igna l   record ings  were  processed,  using a standard  analog 
computer, t o  y i e l d  t h e  power spec t ra l  dens i ty  and amp l i t ude  p robab i l i t y  
d is t r ibut ion p lo ts  accord ing to  the procedures of  Reference IO .  
C .4 STAT I ST I CAL DATA ANALYS I S 
A random s igna l  i s  bes t  descr ibed in  the  f requency  domain  by means o f  
i t s  power spectral density which expresses the average variance of a wave- 
form as a funct ion  of   f requency. The d i r e c t  ana log   ca lcu la t ion   o f  PSDs f o r  
the  frequency  range  from 0 = 2 t o  200 radians  per  second ( f  = .318 t o  31.8 cps)  
fo r  t he  se lec ted  s igna ls  was performed. 
The f i r s t  s t e p  i n  t h i s  process is  to  form the tape record of  the s ignals  
i n t o  a long  tape  loop. These repeat ing  s ignals  are  then  processed  by  the 
analog  computer  network shown i n   F i g u r e  C-5.  The i n i t i a l  p o r t l o n  o f  t h e  
c i r c u i t  i s  a h i g h  p a s s  f i l t e r  w h i c h  has a 3 db per octave cutof f  below . 3  
rad ians   per  second. T h i s  c i r c u i t  i s  inc luded  to   a t tenuate any inst rumentat ion 
d r i f t  below this frequency which i s  n o t  o f  i n t e r e s t  i n  t h i s  random v i b r a t i o n  
analys is .  The second sect ion  of   the  computer PSD c i r c u i t  i s  a constant Q 
bandpass f i l t e r  which was s e t   f o r  a va lue   o f  Q equal t o  I O .  This  value was 
determined i n  o r d e r  t o  y i e l d  t h e  d e s i r e d  r e s o l u t i o n  i n  t h e  f r e q u e n c y  domain. 
The f requency of  th is  bandpass f i l t e r  i s  determined by the loop gain which is 
HIGH PASS FILTER GAIN ADJUST I 
F i g u r e  C-5 ANALOG COMPUTER POWER 
SPECTRAL DENSITY CIRCUIT 
C - 8  
adjusted by the two potent iometers of t h e  s e r v o - m u l t i p l i e r .  As the tape 
loop is cont inuously  repeated,  the servo-mul t ip l ier  i s  used t o  s l o w l y  change 
t h e  c e n t e r  f r e q u e n c y  o f  t h e  f i l t e r  so t ha t  t he  mean square va lue of  the 
f i l te red  func t ion  can be  p lo t ted  versus  f requency  d i rec t l y  on  an X-Y recorder .  
A one cyc le,  ant i log funct ion generator  i s  used to d r i v e  t h e  s e r v o - m u l t i p l i e r  
to produce a scan o f  t he  bandpass f i l t e r  t h a t  changes i n  such a manner tha t  t he  
speed o f  sweep is propor t iona l   to   the   bandwid th   o f   the   f i l te r .   A f te r   scann ing  
through one decade, the frequency sweep c i r c u i t  i s  r e s e t  and the loop gain 
.of the bandpass f i l t e r   i s  changed  by a f a c t o r  o f  100 to  a l low scann ing  o f  the  
subsequent  frequency  decade. The i n i t i a l  speed o f  sweep o f  t h e  f i l t e r  was 
through one bandwidth. 
s e t  so that three tape loop passes were completed  before  the f 
mu The s i g n a l ,  a f t e r  b e i n g  f i l t e r e d ,  was passed  through a 
a v e r a g i n g  c i r c u i t  t o  o b t a i n  t h e  mean square value of the f i  
the  pass band. The two d i f f e ren t   po ln ts   a re   b rough t   t o   t he  
the squared value becomes independent  of  the  changing bandw 
i I t e r  advanced 
l t i p l   i e r  and 
i e r e d   f u n c t i o n   I n  
m u l t i p l i e r  so t ha t  
d t h  o f  t h e  f i l t e r .  
The averaging  t ime was adjusted to be equal  to the t ime of  one tape  loop 
length.  The vo l tage  corresponding  to   the mean square  value is  passed  through 
a l oga r i t hm ic  conver te r  i n  o rde r  to  make a d i rec t  l og - log  p lo t  o f  t he  des i red  
func t i on .  
The power spect ra l  densi ty  funct ions obta ined f rom accelerat ion s ignals  
a r e  p l o t t e d  I n  F i g u r e s  C-6 through C-23. 
The square roo t  o f  t he  a rea  under a PSD curve corresponds to  the root  
mean square (RMS) va lue  or  the  s tandard  dev ia t ion  o f  a Gaussian  random  process. 
However, ne i the r  the  RMS value nor the PSD func t ion  can ind ica te  how c l o s e l y  
c-9 
the random  process  approaches  the  important  Gaussian  case. The anp l i tude 
p r o b a b i l i t y  d i s t r i b u t i o n  (APD) f u n c t i o n s  w e r e  p l o t t e d  t o  t e s t  f o r  t h e  
Gaussian  case.  Figures C-24 through C-31 show exarnple APD p l o t s  f o r  t h e  
t ruck  and t r a i l e r  on both hard and so f t  su r faces .  It can'be  seen  from  these 
p lo ts  tha t  the  t ruck  mot ion  was ve ry  c lose  to  Gaussian. The t r a i l e r ,  however, 
shows a substant ia l  deviat ion f rom GaussIan which tends to accentuate high 
accelerat ions.   Th is   might  be due t o  t h e  l i m i t e d  wheel t r a v e l  on t h e  t r a i l e r .  
These r e s u l t s  a r e  sumnarized i n  Table C-l which gives the value of  RMS 
acceleration determined from the APD curves. 
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APPENDIX D 
LINEAR ")EL - FREQUENCY DOMAIN APPROACH 
The Nc37 veh ic le  and t h e  t r a i l e r  were modeled mathematically. The "37 
model  had  seven  degrees o f  freedom,  and t h e  t r a i l e r  model  had  two  degrees o f  
freedom. Laboratory measurements  were made to  determine numer ica l  data for  
the  t ruck  and t r a i l e r .  Both vehicles were weighed and t h e  c e n t e r  o f  g r a v i t y  
was determined  from t i l t  measurements  on the  truck.  Pneumatic t i r e  s p r i n g  
r a t e s  were s ta t i ca l l y  de termined f rom measurements of  the  de f lec t ions  for 
various  loads.  Other  quanti t ies  were  determined  from  the l i t e r a t ~ 1 r e . ( ~ ~ ' ( ~ 4 )  
A r i g h t  hand coordinate sys tem was used in  the development of the 
equafions of motion, which is shown i n  F i g u r e  D-I. 
Figure D-l COORDINATE SYSTEM 
Th is  coord ina te  sys tem is  loca ted  in  the  veh ic le  such tha t  the  pos i t i ve  
X-axis is toward  the  rear  o f  the  veh ic le ,  the  Y-ax is  i s  in  the  ver t i ca l  
d i r e c t i o n  and the  pos i t i ve  Z-ax is  i s  towards  the  le f t  o f  the  veh ic le .  
D-I "37 TRUCK MODEL 
A l ine  drawing  o f   the  t ruck model i s  shown i n  F i g u r e  D-2. The "37 
D - 1  
D-2 
v e h i c l e  is  a 3 /4  ton  m i  I i t a r y  c a r g o  c a r r i e r  w i t h  f o u r  d r i v e n  wheels and s o l i d  
a x l e s  f r o n t  and  rea r .  Le f t  t o  r i gh t  symne t ry  was assumed and t h e  p r i n c i p a l  
axes o f  i n e r t I a  c o i n c i d e d  w i t h  t h e  c o o r d l n a t e  axes. The model cons i s t s  o f  
t h ree  masses connected by l inear spr ings and dampers ( represent ing  the  
suspension  system).   L inear  spr ings and dampers represent ing  the  t i res  were  
a lso   connected   to   the   g round  ( inpu t   po in ts )   f rom  the   ax le  masses. S p e c i f i c  
p o i n t s  i d e n t i f i e d  i n  t h e  model are shown below. The numbers a r e  a r b i t r a r y  
"bookkeeping"  symbols  used i n  the  computer  program. 
1 .  Cente r   o f   g rav i t y   o f   t he   f ron t   ax le  
2.   Center   o f   grav i ty   o f   the  rear   ax le  
3. Center   o f   g rav i ty   o f   the   veh ic le  body 
IO .  R igh t   f ron t  wheel ground  contact  area 
I I .  L e f t   f r o n t  wheel  ground  contact  area 
12. Righ t  rea r  wheel  ground  contact  area 
13. L e f t   r e a r  wheel  ground  contact  area 
S ince  on ly  ve r t i ca l  I npu ts  were considered, compliances were defined for 
ve r t i ca l   mo t ions .  The degrees o f  freedom  considered,  included bounce and 
r o l l  m o t i o n  f o r  t h e  two axles, and  bounce, p i t c h  and r o l l  f o r  t h e  v e h i c l e  
body. The "37 v e h i c l e  model i npu t   da ta   i s  shown i n  Table D-l 
The seven resonant f requencies for  th is model are I i s t e d  i n  Tab l e  D-2. 
These are approximate frequencies computed from undamped uncoupled systems.(23) 
D-2 TRAI  LER  MODEL 
The t r a i   l e r  was modeled as a simp le two degree of freedom system con- 
s i s t i n g  o f  two mass elements, the sprung mass and the unsprung mass, which 
included the wheel, t i r e  and undercarr iage connected by l inear  spr ings and 
dampers. The pneumatic t f r e  was a lso  represented  by a l i n e a r  s p r i n g  and 
D-3 
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~~ 
Table D-l "37  VEHICLE MODEL DATA 
T i r e   s p r i n g   c o n s t a n t   I b . / i n .   I 7 0 0  
T i r e  damping coef f i c ien t   Ib .sec . / in .  0.35 
Front   suspension  spr ing  constant   Ib . / in   370 
Rear   suspension  spr ing  constant   Ib / in .   330 
Fron t  and rear  shock  absorber damping coe f f i c i en t   I b . sec . / i n .  7 
Vehic le  sprung mass Ib.sec.2/in. 13.30 
" ~~~ . . - . . . . . . ~ . ,. . . .. , .~ - _.  ." - " .jr: 
P i t c h  moment o f   i n e r t i a   s p r u n g  mass Ib.sec.  in. 
Rol I moment o f   i n e r t i a   s p r u n g  mass Ib.sec.21n. 
F ron t  ax le  assembly mass I b.sec.2/in. 
Rear a x l e  assembly mass Ib.sec.2/in. 
R o l l  moment o f   i ne r t i a   f ron t   ax le   I b . sec .2 in .  







s tance f rom veh ic le  center l ine  to  f ron t  suspens ion  a t tachment  ' in .  23.10 
s tance  f rom  veh ic le   cen ter l ine   to   rear   suspens ion   a t tachment   in .  27.40 
stance  from  sprung mass c.9. t o   p o i n t  above f r o n t   a x l e   i n .  63.30 
stance  from  sprung mass c.9. t o   p o i n t  above r e a r   a x l e   i n .  48.70 
Tab l e  D-2 RESONANT  FREQUENCIES - TRUCK 
~~ 
Sprung mass bounce I .37  cps 
Sprung mass p i t c h  I .65 cps 
Sprung mass r o l  I I .83 cps 
F ron t   ax le  bounce  7.20 cps 
Rear a x l e  bounce  7.50  cps 
F r o n t   a x l e   r o l l  7.70  cps 
Rear a x l e   r o l l  8.30  cps 
i 
D-4 
damper element. Ve r t i ca l   i npu ts   t h rough   the   t i r e  were  considered, and s i n c e  
the sprung mass c e n t e r  o f  g r a v i t y  was d i r e c t l y  above t h e  t i r e ,  n o  r o t a t i o n a l  
mot ion was exc i ted.  The two degrees  of  reedom  were  the bounce mot ions  of  
the  sprung and  unsprung mass elements. The t r a i  l e r  model data i s  presented 
i n  Table D-3. 
-" .~ . .. . ". "" 
Tab I e D-3 TRA1 LER  MODEL  DATA 
Sprung mass Ib.sec. / i n .  I .63 
Unsprung mass 1b.sec. / i n .  ,363 
Suspension  spr ing  rate  Ib. / in.  320 
Suspension damping coe f f i c i en t   I b . sec . / i n .  16 
T l r e   s p r i n g   r a t e   I b . / i n .  915 
T i r e  damping coe f f i c i en t   I b . sec . / i .  0.9 
." " ." -=?. _-- _ ,  "E.. -. . .. " "" - ..~ - ~- -. - . -. 
- "" ii - ~ ~ . ~ .  ~ - . .. 
The two resonan t  f requenc ies  fo r  t he  t ra i l e r  model a re  g iven in  Tab le  D-4. 
r Table D-4 TRAl LER  ESONANT  FREQUENCIES ". .. - "". - . ~ _ _ _ ~ -  .. ~, -
Sprung mass 
Unsprung mass 8.50 cps  I .95 cps L". I 
l n i t l a l  computer  runs  were made w i t h  t h e  t r u c k  and t r a i l e r  t l e d  t o g e t h e r .  
The e f f e c t  o f  t r u c k  m o t i o n  on t h e  t r a i l e r  and t r a i l e r  m o t l o n  on the truck 
was determined,   Th is   coupl ing  e f fect  showed less  than I %  change i n   p r e d i c t e d  
values, and t h e r e f o r e  f o r  subsequent  runs, i t  was assumed t h a t  t h e  t r a i l e r  
was uncoupled  f rom  the  towing  vehic le  ( the "37 t r u c k ) .  The h i t c h  p o i n t  a t  
the  end of  the boom  was taken as f i xed ,  and the re fo re  the  t ra i l e r  exper ienced  
p i t ch ing   mo t ion   abou t   t he   h i t ch   po in t .   Th i s   p i t ch ing   mo t ion   i s   t he re fo re  
p r e d i c t e d  t o  be d i r e c t l y  p r o p o r t i o n a l  t o  t h e  bounce mot ion of  the sprung mass. 
D-5 
0-3 ANALYS I S  OF VEHICLE V IBRATION 
Trans fe r  f unc t i ons  fo r  t he  t ruck  and t r a i l e r  were  determined f o r  each 
input   separa te ly   ( tha t  is, a s i n u s o i d a l  v e r t i c a l  i n p u t  a t  each t i r e  c o n t a c t  
wi th   the  ground) .   Transfer   funct ions  for  a v e r y  s i m i l a r  "37 model have 
p rev ious l y  been pub1 ished.(23) These t r a n s f e r  f u n c t i o n s  were  combined, t a k i n g  
i n t o  account   vehic le   ve loc i ty ,  wheel spacing  (wheelbase) and the  i dea l i zed  
power s p e c t r a l  d e n s i t y  o f  t h e  i n p u t  w l t h  t h e  c r o s s  c o r r e l a t i o n  o f  p a r a l l e l  
t races assumed t o  be zero. The r e s u l t i n g  computed  power spec t ra l   dens i t i es  
f o r  each  degree o f  freedom  measured i n  t h e  f i e l d  a r e  p r e s e n t e d  i n  t h e  f o l l o w -  
ing  ser ies  o f   graphs  (F igures D-3 through D- I l l .  Through  the l i n e a r i t y  
assumptlon i t  i s  poss ib le  to  p resen t  the  g raphs  show ing  d i f f e ren t  sca les  fo r  
the  ord ina tes  cor respond ing  to  a surface roughness and/or vehicle speed from 
t h e   f i e l d   t e s t s .   F o r  example, FIgure D-3 presents   the  accelerat ion  spect ra l  
dens i ty  o f  the  t ruck  c.g.  bounce mot ion a t  3 mi les per  hour  over  e i ther  the 
hard   o r   so f t   sur face  as charac ter ized   by   the   change  in   ver t i ca l   sca les .  The 
RMS acce le ra t ion  va lues  g iven in  Tab le  0-5 were determined  from  the  square 
root of the area under the corresponding PSD curves. 
t. 
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APPENDIX E 
TIME D W I N  ANALYSIS 
Th is  append ix  p resents  the  resu l ts  o f  the  t ime domain s imu la t ion  techn ique 
used to  analyze  vehic le  models.  The technique i s  d e s c r i b e d   i n   d e t a i l   i n  
Appendices C and E of Reference 1 .  The d i s t i n c t i o n  between  the  program o f  
Reference I and t h a t  u t i l i z e d  h e r e i n  Is the  conversion  of  the  analog  computer 
c i r c u i t s  and ana lys is  to  d i g i t a l  a n a l y s i s .  The s imu la t i on  was accomplished 
us ing  the  MIMIC Program w i t h  t h e  c o r r e s p o n d i n g  s t a t i s t i c a l  a n a l y s i s  v i a  
d i g i t a l  computer  programs s imi la r  to  those descr ibed in  Append ix  A of Reference 1 .  
The MIMIC language is  thoroughly  covered in  Reference I I .  
Standard l inear ized equat ions of  mot ion featur ing l inear  spr ings and 
l i nea r  ( v i scous )  dampers a c t i n g  o n l y  i n  t h e  v e r t i c a l  p l a n e  were  used f o r  t h i s  
s imulat ion.   S ince i t  was f e l t   t h a t   t h e   a c c e l e r a t i o n s   t o  cause  encounter  of 
jounce and rebound bumpers cou ld  no t  be obtained at  the low test  speeds, the 
corresponding  non- l inear  feature was excluded. However, t he   non - l i nea r i t y   o f  
wheel-surface  separation was p r e s e n t   i n   a l l  model s imu la t ions .   Th is  was 
accompl ished by  a l low ing  the  t i re  fo rce  to  take  on only compressive values 
through  the use o f   the  MIMIC l i m i t i n g   f u n c t i o n   ( L I M ) .  The phys ica l   va lues 
r e l a t i n g  t h e  models to   the  test   vehic les  can  be  found  in   Appendix  D. The 
s o i l  model  and data  used  appears i n  t h e  sumnary o f  Appendix B. 
The models  were s u b j e c t e d  t o  two d i f f e ren t   t ypes   o f   i npu t .  I n  the f i r s t  
case., a c t u a l  p r o f i l e  h e i g h t  d a t a  was used as  an input by reading directly from 
d ig i ta l   magnet ic   tape  through a sub rou t ine   ex te rna l   t o   t he  MIMIC  program. The 
second case made use o f  t h e  more genera l  representa t ion  o f  random surfaces. 
Th is  was accomplished through the use of the Gaussian random number generator 
(RNG) which had a standard deviat ion determined by the vehicle speed and 
E-1 
was s e l e c t e d  t o  be i d e i t i c a l  t o  
w h i l e  t h e  MIMIC i n t e g r a t i o n  s t e p  
a minimum e r r o r  c r i t e r i a .  S i n c e  
r e l a t i v e l y  f a r  a p a r t  f o r  d i g i t a l  i n teg ra t i ons ,  i t  was 
i n  some fashion. A l i n e a r   e x t r a p o l a t i o n   o f   t h e   s l o p e  
Thus, t h e  v e l o c i t y  i n p u t  was piecewise cont inuous whi 
con t inuous   s t ra igh t - l i ne  segment p r o f i l e .   T h i s   t e c h n  
sur face   roughness   coe f f i c ien t   cor respond ing   to   f ie ld   tes t   cond i t ions .  The 
ou tpu t  o f  t he  random number generator was i n t e g r a t e d  i n  a manner analogous 
to  the analog computer  in tegrat ion of  the whi te  no ise generator  descr ibed 
i n  Reference I .  I n  t h i s  case, the  t iming  between new random number p o i n t s  
t h e  p r i n t o u t  i n t e r v a l ,  once  each .01 seconds, 
s i z e  was a u t o m a t i c a l l y  c o n t r o l l e d  t o  a c h i e v e  
t h e  i n p u t  p o i n t s  o f  e i t h e r  method  were  spaced 
necessary  to  ex t rapo la te  
o f  t h e  l i n e  was se lec ted .  
l e  t h e  p r o f i l e  was  a 
ique caused some d i f f i -  
c u l t y  due t o   t h e   d i s c o n t i n u i t y   a t   t h e  ends o f  t h e  l i n e  segments. I n  o r d e r  t o  
p a r t i a l l y  m i n i m i z e  t h i s  e f f e c t ,  a frequency f i l t e r  was incorpora ted  in to  the  
i n p u t  p o r t i o n  o f  t h e  s i m u l a t i o n .  T h i s  f i l t e r  was e s s e n t i a l l y  a I t leakyt '  
in tegra tor ;   tha t   i s ,   the   h igh   f requency  components o f  t h e  segmented input  were 
f i l t e r e d  o u t  w i t h  a 3 db per octave standard RC f i l t e r  s i m u l a t e d  i n  t h e  MIMIC 
program. The c u t o f f  f r e q u e n c y  o f  t h e  f i l t e r  was s e t  a t  200 radians  per  
second o r  31.8 c p s .  T h i s  f i l t e r i n g  m i n i m i z e d  t h e  e f f e c t s  o f  t h e  end p o i n t  
d i scon t inu i t i es  w i thou t  deg rad ing  the  s imu la t i on  resu l t s .  
Tables E-I and E-2 are the MIMIC source-language programs for the truck 
and t r a i l e r .   T a b l e  E- I  l i s t s   t h e   t r u c k   w i t h  a s o i l  model exc i ted   by  a random 
input .   Th is  shows the  method  used to   generate random surface  roughness 
inputs   to   four   whee ls   us ing   four  random number generators. The generators 
a r e   i d e n t i c a l   e x c e p t   f o r   t h e i r   s t a r t i n g  numbers  and s t a r t i n g   t i m e .  When 
g iven the  same s t a  
However, hav ing  d i  
t ime delayed resul  
r t i n g  numbers, two genera tors  p roduce ident ica l  resu l ts .  
f f e ren t  s ta r f i nq  t imes ,  t hese  genera to rs  y ie td  an e f f e c t i v e  
t f o r   i n p u t t i n g   t o   I n - l i n e   f o l l o w i n g  whee ls .   Wi th   d l f fe ren t  
E-2 
and s o i l  model. I n   t h i s  
magnetic  tape  through an 
used to   inpu t   ac tua l   p ro  
generated p r o f i l e  as we1 
s t a r t i n g  numbers, the random number generator  outputs  will be d i f f e r e n t ,  
t h a t  is,  uncorrelated. However, t h e  s t a t i s t i c a l  p r o p e r t i e s  w i  I I be the same. 
T h i s  f a c t  i s  u s e d  t o  p r o d u c e  l e f t  and r i g h t  i n p u t s  t o  t h e  t r u c k .  The l i s t i n g  
i n  Table E-I also demonstrates how the maximum p e n e t r a t i o n  o f  t h e  s o i l  was 
t ime de layed to  a l low the  sur face  penet ra t ion  to  be  proper ly  computed a t  
the  rear  wheels.  Table E-2 gives the source language program for the t ra- i ler  
example, the input i s  r e a d  d i r e c t l y  f r o m  d i g i t a l  
external   subrout ine (RED) .  This  was the  technique 
f i l e  measurements for  comparison with the random 
I as t h e   f i e l d   t e s t   r e s u l t s .  A l l  other  computer 
s imulat ions were either subsets or combinations of these two examples. 
The resu l t s  o f  t he  s imu la t i on  cons is ted  o f  t ime  sampled  data; t ha t  i s ,  
r e s u l t s  each p r i n t o u t  t i m e  were reco rded  d i rec t l y  on  d ig i t a l  t ape  f rom the  
MIMIC program. I n  a l l  cases, the   s imu la t ion  was al lowed some time,  approxi- 
mately 5 seconds, f o r  t h e  s t a r t - u p  t r a n s i e n t s  t o  d i e  o u t  b e f o r e  r e s u l t s  were 
recorded. The s imu la t i on  was t h e n  a l l o w e d  t o  r u n  u n t i l  2,000 p o i n t s  o f  data 
been  generated; t h i s  corresponds t o  20 seconds 
recorded t i m e  sampled veh ic le  acce le ra t ion  da ta  
I processing programs to y ie ld est imates such 
pe r  va r iab le  o f  i n te res t  had 
o f   s imu la ted   tes t  t i m e .  The 
was fed back i n t o  s t a t i s t i c a  
power spect ra I dens i t  as the 
append 
appear 
t o  f i e  
i es  shown i n  t h e  f i g u r e s  a t  t h e  end o f  t h i s  
x .   Another   es t imate   o f   in te res t   i s   the  RMS accelerat ion  va lues  which 
i n  T a b l e  E-3. I n  a d d i t i o n  t o  t h e  computer runs  which were i d e n t i c a l  
d measurements, several changes  were made t o  show t h e  e f f e c t s  o f  
var ious  in f luences.  The most i n t e r e s t i n g   o f   t h e   v a r i a t i o n s ,   t h a t   o f   w i t h  and 
wi thout  a s o i l  model,  has  been i n c l u d e d  i n  t h e  r e s u l t s  shown i n  t h i s  appendix. 
I t  should be po in ted  ou t  t ha t  s imu la t i ons  o f  t he  ha rd  su r face  o r  w i thou t  a 
E-3 
I Table E-3 RMS ACCELERATIONS  FROM MIMIC SIMULATION 
Surf  ace 
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s o i l  model  were achieved by s e t t i n g  t h e  dependent v a r i a b l e s  o f  t h e  s o i l  model 
(see  Table E-I o r  E-2) t o  zero. 
The r e s u l t s  as shown i n  t h e  f i g u r e s  o f  t h i s  appendix  are a l l  a c c e l e r a t i o n  
power spect ra l   densi ty   est imates.   F igures E- l  through E-6 show the   t ruck  
response on a hard random surface a t  the two t e s t  speeds. F igures E-7 through 
E-12 are a lso t ruck mot ions on a random surface; however the  speed was h e l d  
constant  a t  3 MPH whi le  the input  was a l l owed  to  rep resen t  the  so f t  su r face  
w i t h  and w i thou t  t he  so i l  model. The r e s t  o f  t h e  f i g u r e s  a r e  t r a i l e r  r e s u l t s .  
Figures E-I3 through E-18 represent  t ra i le r  response a t  two  speeds  on the 
hard random surface. The t r a i l e r  motions as determined on t h e  s o f t  s u r f a c e  
w i t h  and wi thout  a s o i l  model are shown I n  F i g u r e s  E-19 through E-24. A 
comparison of actual versus random inputs  a t  3 MPH  may be  ob ta ined in  F igures  E-25 
E-4 
. . .. . . . . . . - . - . . . . . . . ." . " 
through E-30. The l a s t   s e t   o f   t r a i l e r   r e s u l t s ,  shown i n   F i g u r e s  E-31 through 
E-36, are  on ly  c.g.  bounce a c c e l e r a t i o n  f o r  a l l  t h e  t e s t  c o n d i t i o n s ;  t h a t  
i s ,  hard and so f t  sur faces  a t  the  tes t  speed of 3 and 6 MPH, wi th  ac tua l  and 
random genera ted  p ro f i l es  as inputs.  
A PSD of  the  MIMIC generated random s u r f a c e  p r o f i l e  used f o r  t h e  l e f t  
lane o f  the M37 t r u c k  i s  p l o t t e d  i n  F i g u r e  E-37. T h i s  p r o f i l e  was generated 
fo r  t he  3 MPH run  w i th  the  so f t  sur face  roughness  coef f i c ien t .  The same 
random number sequence was used f o r  t h e  l e f t  t r a c k  of  the  t ruck  and a l l  
t r a i l e r  r u n s .  The o n l y  d i s t i n c t i o n  b e i n g  made  was the  t im ing  o f  the  random 
generator output and the ampl i tude of  the random p o i n t s  as d i c t a t e d  by the 
sur face  roughness  coef f ic ient .  A second  independent random generator was 
used fo r  t he  r i gh t  t rack  o f  t he  t ruck  model w i t h  i t s  c o r r e s p o n d i n g  PSD shown 
i n  F i g u r e  E-38. 
E-5 
Tab le E-I TRUCK COMPUTER PROGRAM 
I M IC SOURCE-L ANGUAGE PROGRAM*** 
* " 3 7  TRUCK HI TH RANDOM PRflFILE I N P U T .  
CflN'::DT ,DTMXIDTHN,SECSISTRT~ G ct 
G O N b X O l  9 x 9 2  p Z 0 1  . , .ZO2 r Z I L . S r ? l R S a  
C I ) N I Z ~ L S , Z ~ R S I Z ~ L H I Z ~ R W ~ Z Z L ~ ~ Z Z R W ~  
CON% Y O ,  M I ,  M 2 t  101 I 1 9  I2n 
CONL C l S ,  C Z S ,  K I S ,  K Z S I  K I W I  K2Wo 
CON% I S 1 9  C l W ,  C ~ W ~ O V Y O I O V S I , O V T O C I  
CUNVLOYO 9 O Y 1 ,  O Y Z ,  Or01 O T 1 ,  O T Z O  
CON% 9 S I , O V Y 1 , O V Y 2 , 0 V T 1 , 0 V T 3 J X X X X a  
C O N Y V E L C ,  X O , O P T N , C N T L I C N T R , S W I T ~  
C O N % P Y 3 7 v R F 3 7 , B M 3 7 r C S 3 7 , S M 3 7 , R M 3 7 0  
~ n ~ ~ n ~ 1 0 , ~ S 1 1 , 0 ~ 2 0 , 0 S 2 1 ~ 0 ~ 1 0 , 0 ~ 1 1 n  
CI) I \ I%2PIE,  S C R ,  S T l ,  S T 2 9  ST39 ST4n 
CON%hlTAUn 
T EQO 
(ED0  1 2 0 G  
T E  RO 1 DM0 
T E G 3  SGMA 
T E  QO K E C V  
T F Q O  P D V R  
T E O 9  REST 
T E Q O  M S 3 7  
F S W % T ~ T R U F , T R U E I F A L S ~  
1 2 .   / G  
1. / M O  
Z P I E ~ S Q R ~ S C R a V E L C / X Z . ~ D T a u  
- 2 . * V E L C / R M 3 7  
P M 3 7 / B Y 3 7  
1 . 0 - P D V B / R F 3 7  
-1 . / S Y 3 7  
S h I T  R S T Z X X X X v T n  
NUDT F S W X T - S W I T * F A L S , T R U E ~ F A L S O  
DL A Y  F S W % T L N T A U , F A L S , T R U E , T R U E o  
OUT 3 F S W r T - S T R T , F A L S , T R U E , T R U € ~  
HRT3  ANDZNUDT 9 CIUT3n 
R FAR  AhlDXNUUT,DLAYfl 
XR T q  C W T l  C N T l C l .  
xn rs  I N T T V E L C  , X 0 0  
THF I N P U l   D I S P L A C E M E N T S  Y 1 @ ,  Y l l ,  Y 2 0 ,  AND Y 2 1  A R E  GENERATED  HERE,  
NUDT 1 L L L  K N G 8 0  .O, S G M A , S T l n  
NUDT 1 R P R  R N G S O - O P S G M A P S T ~ ~  
RE AH Z L L L  R N G X O . O . S G M A t S T 2 a  
REAR  2RRH RNG%3.0 ,SGMA,ST4n  
Y 1OP 
Y l l P  
Y 7 0 P  
Y 2 1 P  
D l @ P  
P I Q P  
D l l P  
P l l P  
D 2 0 P  
P7OP 
DZlP 
P 2 1 P  
01 OF 
O L I I L  
IhTMlKSR,OYlOn 
I N T Z l L L L , O Y l l n  
INTo~2RRR,0Y10,TRUE,DLArn 
2 0 0 . * F Y l n P - P l O P n  
I N T I D l O P , O Y l O n  
2 0 0 . * ~ Y 1 1 P - P l l P 0  
I ~ r X D l l P , @ Y l l n  
2 0 0 . * X Y 2 C P - P 2 O P 0  
I N T Z D 2 0 P , O Y l O n  
2 O O . * % Y Z 1 P - P 2 1 P n  
I N T X D 2 1 P , O Y l l n  
T D L X l O M X ,  N T 4 U ,  214.13 
I N T ~ 2 L L L , O Y l l , T R U ~ , D L A Y n  
T D L Z l l M X ,   N T A U , 2 1 4 . U  
E-6 
Table E-I (Continued) 
. 
"37 RODY E Q U A T I O N S  
A Y o - ! X x o l * S I & Y l n  
E l D Y O - % X O 1 * l D S I E 1 D Y L ~  
F Y O h X O Z * S I - Y 2  
D l D Y O E X O 2 * l D S I - l D Y 2  . 
F l L S  I S  THE  FORCE  ON  THE "37 BODY  FROM  THE  FRONT-LEFT  SUSPENSION  SYSTEM.  
F 1 L S  M A D % K l S ~ X Z l L S * T l E A ~ - Z O l * T O ~ C l S ~ % Z l L S ~ ~ D T l & E ~ - Z O l ~ l C T O ~  . 
F l R S  I S  T H E   F O R C E  ON THE "37 RODY FRnM T H E   F R O N T - R I G H T   S U S P E N S I O N   S Y S T F M .  
F l R S  M A D I K 1 S ~ ~ Z O l ~ T O & A ~ - Z L R S ~ T l ~ C l S , % Z O L * L D T O ~ E ~ - Z l R S ~ l C T l ~  
F2LS I S  T H E   F O R C E  ON, THE  M-37_  BODY.   FRnM T,HE REAR-LE,FJ   SUSPENSION  SYSTFM- 
F 2 L S  M A D I K 2 S ~ X Z 2 L S * T 2 C F ~ - Z O 2 * T O ~ C 2 S ~ ~ Z 2 L S * l D ~ 2 & D ~ - Z O Z * l C T O ~  . 
F.2R.5 I S  T H E   F O R C F  ON THE "37 BODY  FROM  THE  REAR-RIGHT  SUSPENSION  .SYSTEM.  
T H E   V F R T I C A L   F O R C E   D U E   T O   T H F   S t J S P E N S I O N   F L E M E N T S  
A N D   W E I G H T   A C T I N G   O N   T H E  "37 BODY I S  F 1 .  * F 1  - t M O * b t x k L L S C f   L R S E F Z L S L F ~ R S U C I  
THE "77 BODY  ACCECFRATI f lNv   VEL f lC . ITY ,  AND D I S P L A C E M F N T   A R E   S O L V E D  FnR HERE. 
F2P S M A D % K 2 S , X L 0 2 * T @ C F ~ - Z ~ R ~ * T 2 ~ C 2 S ~ ~ Z ~ 2 * l D l ~ & D ~ - Z 7 ~ . ~ ~ l O T 2 ~  
. 
2DYO - X % F l L S & F l ~ S C F Z L S C F Z R S f l * l D M O L G ~  
l D Y 0   I N T % Z D Y O , O V Y O o  
Y O  Y N T X l D Y O v O Y O n  . 
T H E   T O R Q U E S   D U E   T O   T H E   S U S P E N S I O N   E L E M E N T S   A C T I N G   O N   T H E  K-37 @ODY I S  TT. 
T T  ~ X O l ~ ~ F L L S b F l R S ~ - X 0 2 ~ ~ ~ 2 L S & F Z R S ~ n  . 
THE "37 B O D Y   P I T C H   A C C E L E R A T I O N ,   V E L O C I T Y ,   A N D   A N G L E   A R E   S O L V E D   F O R   H E R E .  
Z D S  I T T / I S I  
l 0 S I   I N T % L D S I   , O V S l n  
SI I N T Z L D S I * O S l n  
THE "37 B O D Y  R O L L   A C C E L E R A T I O N ,   V E L O C I T Y ,  AND ANGLE ARE  SOLVED  FOR  HERE. 
Z D T O  M A ~ ~ Z O 1 ~ F 1 L S - F 1 R S ~ Z O 2 ~ F Z L S - F Z R S ~ / I O  
I D T O   I N T X 2 D T 0 , O V T n O  
T O   I N T X l D T 0 , O T O n  
F l R W  I S  T H E   F O R C E  ON T H E   F R O N T - R I G H T   H H F E L  OF THE "37. . 
P l O l   Y l - % Y S l O E P l O P Q  
O l O l   Z l R U * T l & P l O l  
P 1 0 2   L D Y L - % l S l O & D l O P ~  
Q 102 Z l R W * l D T l & P l O Z  
L LRW - M A D % K l w , Q 1 O l , C l H ~ C J 1 O 2 n  
F l R W   L ! M Z L I R W , O . r L l R w n  
F L L W  IS THE  FORCE ON THE  FRONT-LEFT  WHEEL OF THE "37. 
P 1 0 3   Y S 1 1 C P l l P - Y 1  
U l L ' J  Z l L W * T l & P 1 0 3  
P 104 L S l l E D L 1 P - l D Y l  
0 1 0 4  Z l L W * l D T l & P 1 0 4  
L LLW M A U % K l W , W 1 @ 3 ~ C l W ~ Q l 0 4 a  
F 1LW L I M Z L l L W , C ? . q L l L W n  
E-7 
Tab I e E-I (Cont i nued 1 
. 
FZRW I S  T H E   F I I R C E  ON i H E   H E A R - R I G H T   W ' i F F L  OF THE " 3 7 .  
P 105 Y ? - % Y S 2 0 E P Z Q P ~  
(2105 Z Z R W * 1 2 & P 1 0 5  
P 106 1 D Y  2-% 1 S 2 O E D 2 0 P ~  
0 106 Z 2 R W * l D T 2 & P 1 0 6  
L 2RW  -MAD%KZW,Q105.C2W,QIOha 
F 2 S W   L I M X L L R W p O . r L 2 R W u  . 
F2LH I S  T H E   F n R C E   O N   T H E   R E A P - I F F T   H H E E L  OF THE. " 3 7 .  
P 1 0 7  Y 3 Z l E P 2 1 P - Y Z  
Q 1 0 7   2 2 L W * T Z & P 1 0 7  
PI08 l S 7 l t D Z l P - L D Y 2  
Y1')R Z ~ L W * ~ D ~ Z C P ~ O E I  
L2LW M A D ~ K Z W ~ Q ~ ~ ~ , C ~ W I Q I ~ ~ U  
.F-ZLbl . L I M ' Z L Z L H t O .   , L Z L w n .  . 
THE "37 F R O N T - A X L E   A C C E L E R A T I O N ,   V E L O C I T Y ,  
A N D   D I S P L A C E M E N T   b R €   S O L V E D  F O R  HERE. 
2 D Y  1 Z F l L S & F l R S & F 1 L W E F l R W ~ / M l - G  
1 D Y  1 I N T % 2 D Y l , O V Y l U  
Y. 1 INTL1D.Y 1 , O Y  I n  '. 
THE "37 R E A R - A X L E   A C C E L E R A T I O N ,   V E L O C I T Y  e AND Of SPLACEMENT A R E  S O L V E D  FOR 
7 D Y 2  % F Z L S E F 2 R S & F 2 L H ~ F ? R H n / " G  
1 D Y 2   I M T 1 2 D Y 2 , O V Y 2 a  
Y 2   I N T % l D Y 2 r O Y 2 U  . 
T H E  "37 F R O N T - A X L E   R O L L   A C C E L E R A T I O N ,   V E L O C -  
I TY,   AND  ISPLACEMENT  ARE  SOLVED FOR HERE. 
" 2 D T.J X M A ~ X 7 l R S ~ F 1 R S ~ Z 1 H W ~ F l R W ~ ~ M A D % Z l ~ S ~ ~ ~ ~ ~ ~ Z ~ ~ ~ ~ ~ ~ F l ~ ~ ~ ~ ~ I l  
L D T  1 I N T % Z D T l   , O V T l u  
11 I N T % l D T l f O T l n  . 
THE "37 R E A K - A X L E   R O L L   A C C E L E R A T I O N ,   V E L O C -  
I T Y ,  A N D   I S P L A C E M E N T  A R E  SOLVED FOR HERE. 
2 D T 2  % M A n r Z 2 R S . F 2 R S , 7 2 R W . F 2 R W U - M A D ~ 7 2 L S * F 2 L S . Z 2 L W , F ~ L W O U / l 2  
1 D T Z  I N T Z 2 D T Z ~ O V T 2 U  
T2 I N T % l D T 2 r O T Z U  . 
"37 S O I L   E Q U A T I O N S  . 
THE SOIL A C C F L E R A T I O N .   V E L O C I T Y .   A N D   I S P L A C E M E N T  
UNUER  THE "37 FRONT-RIGHT  WHEEL  ARE  SOLVED  FOR  HERE.  
2s10 % . C S 3 7 * 1 S l O & K S I O & F l R W o * M S 3 7  
1s10 I N T % Z S l O , O . O U  
Y S l O  I N 1  X1SL0,OSlOU 
1 OON FSW%lOYX-YSIO,FALSoFALSqTRUEu 
l D l O   R F C V * l O M X  
l O M X  I N T % 1 0 1 O f Y S 1 O f 1 0 0 N , F A L S n  
P I 1 0   P D V R * l O M X  
K S l O   R F 3 7 * Z Y - l O M X ~ & P I l O  
. 
E-8 
Table E-I (Continued) 
0 
THE S O I L   A C C E L E R A T I O N ,   V E L O C I T Y S  AND D I S P L A C E M E N T  
UNDER  THE "37 F R O N T - L E F T  MUEEL ARE  SOLVED FOR  HERE. 
2 S 1 1  %CS37*lSllEKSlltFlLW~*MS37 
l S 1 1   I N T % 2 S l l r O . O n  
Y S l l  
1 I O N  FSkf%l * lMX-YSl l rFALS,FALS~TRUEt I  
" I N T % l S l l r O S l l a  
1011 P E C V * l l M X  
" 1 LMK " INTXIDll,~SllSllON,FALSn . . -. - - . -. 
P I 1 1   D V B * l  LMX 
K S 1 1  R F 3 7 * % Y S l l - t l M X ~ E P I L L  
T H E   S O I L   A C C E L E R A T I O N S   V E L O C I T Y ,   A N D   I S P L A C E M E N T  
UNDER  THE  M-37  REAR-RIGHT WHEEL ARE  SOLVED  FOR HERE. 
2520 X C S 3 7 * 1 S 2 O C K S 2 0 & _ F _ 2 R W ~ * M S 3 7  
1 5 2 0  I N T % 2 S 2 0 r O o O n  
Y s 2 0   I N T % 1 S 2 O r O S 2 0 a  
. 
2 0 n N  -. F S H Z U U 2 0 C O L O R - Y S 2 0 J ~ A L S  -. . . -  - -. . " . . . " - ,FALS,TRU_En 
1 0 2 0   R E C V * N U 2 O  
NU20 I N T ~ 1 0 2 0 r V S 2 O - O L D R ~ Z O O N I F A C S o  
2 0 M X   O L D R 6 N U 2 0  
P I 2 0  F m - 6  20MX 
K 5 2 0   R F 3 f * W Y S 2 0 - 2 0 M X n t P 1 2 0  
THE S O I L  A C C E L E R A T I O N S   V E L O C I T Y  r AND 01 SPLACEMENT 
UNDER  THE  "37   REAR-LEFT  WHEEL  ARE  SOLVED  FOR  HERE.  
2 s 2 1  XCS37*1S21EKS21&F2LWn*MS37 
1 s 2 1   I N T 1 2 S 2 1 ~ 0 0 0 ~  
_ _ _ _ _  ". ~ 
Y S Z l   I N T 0 1 S 2 1 , O S 2 1 a  
m N  F S W % N U ~ ~ & O L - D L = ~ ( _ S ~ ~ ~ F A L S S F A L S , T R U E U  
ID21 R E C V * N U Z l  
N U 2 1  I N T % ~ ~ ~ ~ s Y S ~ ~ - O L D L S ~ ~ O N S F A L S ~  
2 1 M X  O C D C t N U 2 1  
P I 2 1   P D V B * Z l M X  
K S 2  1 R F 3 7 * % Y S Z l - 2 1 M X f l & P I 2 1  
__ 
CNTR C N T R E l .  
" 
NUD  T . T I M E  T 
NUDT S W I  T 2.*T 
NUDT  ACCO  2DY  O/G
NUDT  ACC 1 2DY 1 / G  
NUDT  ACCZ  ZDY2/G 
NUDT  ACSI
NOTE C N T ~  IS THE RESTORED 501L  ATTER"THE  TRUCKS  -REAR WHEEL H A S  PASSED 
20 s L5l2D-G- . - - 
N U n T  





N T  
m T  
CNT3  REST*ZOMXEPZOP 
ACTO  2DTO*12DG 
ACT 1 2 D T l * l 2 D G  
A C T 2   2 D T Z * L 2 D G  
A S 1 0  Z S L O / G  
A S 1  1 2 S 1 1 / G  
A S 2 0   2 S 2 0 / G  
A S 2  1 2 5 2  1 /G 
-
F I N X C N T 1 , 2 0 0 0 a ~  
F I N $ T I M E I S E C S n  
END 
o u T % A c C & - A C S I   ~ A C T 0 , P 1 0 P S P Z l P ~ C N T 3 n  
E-9 
Tab le  E-2 TRA I LER C W L m R  W E L  
* * * M I M I C  S O U R C E - L A N G U A G E   P R O G R A M * * *  
* T R A I L E R   O N   S n F T  
z 
. 
. C O M P U T E   P R O G R A M  
SOI! P R f l F t L E  3 MP.H P O I N T S .   A R E  A T  5 EN. SP4C.tNG 
CONX O T ~ ~ ~ T M X I D T M N ~ S E C S . I B  e Gn 
CON% KW. CWI K T *  CTI MB. MWn 
C O N % V E L C I O P T N ~ C N T ~ V P ~ S W I T I C N T R ~  
C O N Z X O   r Y R   o O Y W   O O V Y B I O V Y W - O V R ~  
C O N I R f T r P l e B ~ C S e M E F e R T ~  
C O N S T A N T S   n N L Y   A T  T I M E   Z E R O  160 IN .  IS T H E   L E N G H T  OF BOOM 
FRf lY  T R A I L E R  BED CG. T O   H I T C H   P O I N T  
Y E O O   F S W X T * T K U E e T R U F . F A L S U  
T E O O   M R T G  MR*G 
T E  (30 E F F M  l./%MBEIP/%lAO.*180.na 
T F O O   D I  VG 1 . / G  
TE 00 D l  R O  l e / l R O u  
TEQO 1 2 D G  12 . + D I  V G  
T E O O  NVOR - 7 . * V E L C / R T  
T E  00 P D V R  P l / R  
T E  00 R E C F  1 - 0 - P D V B / R F T  
G E T  I N P U T   F R O M   T A P E   A N D  S E T  U P   C O N T R O L   F O R   W R I T i I N G   O U T P U T   A P E  E V E R Y  D T .  
xnrs I N T X V E   L C  e X 0 0  
0002 R E D X O P T N I X D I S I Y R I N ~  
Y P P   Y R I N * l 2 .  
1 D Y P  ~ O O . * X Y P P - Y P ~  
Y P   I N T Z E D Y P s O Y R a  
S W I  v R S T Z P ,  Ta 
N U D V  FSWZT-SWIT. fdLSeTRUEIFACSo 
O U T  3 FSWXT-4m99vFALSeFALSeTRUECl 
W R V 3   A N D X N U D T . 0 1 J T 3 0  
W R T 3   C N T 3   C N T 3 E 1  
0 
T R A l L F R   E O l J A T l D N S  O f  MOTION 
T H E   V F R T l C A L   F O P C E   A C T I N G  ON T H E   V R A % L E R  BODY KS F3. 
F S  . K W ~ Z V H - Y B U E C W I X 1 D Y H - B D Y B n  
F 3  F S - M R T G  
.= 
T H F   b C C F I . E R A T I n N *   V E , L O C ? T Y p  AND D I S P L 4 C E M E N T  
O F   T H E   T R A I L E R   B O D Y   A R E  S O L V E D  F O R  HERE. 
Z D Y B  F3 . *EFFM 
l D Y R   I N B X 2 0 Y B e O V Y R o  
YB I N T K l D Y B t O Y B U  
0 
FWR IS T H E   V E R T I C A L   F O R C E   B E T W E E N   T H E  H H E E L  AND R I M  O f  THE TRAILER. 
V O T E   S E P E R A T l f l N  P U T  PNrO Y O D E L  R V  L B M I V I N G  THE F O R C E  81yPUY BO P O S I T I V E   V A L U E S  
F W S L  K T * X Y P t Y S - Y W D t e B * % P D Y P t l D Y S - L D V W n  
F WR L I M X F W S L Q O ~ O F H S L U  . 
THE 4 C C E L E R A T I O N o   V E L O C I T Y I   A N D   I S P L A C E M E N T  
O F   T H E   T R A I L E R   W H E E L   ' A R E   S O L V E 6 ' F O R - ~ i E R E , "  
2DYW XFWR-FSnI'MW-G 
1 DYW  ,YNBXZ.DYW!OVYW,U 
YW I N T % l D Y W o O Y W a  
E-10 
Tab l e  E-2 (Cont i nued) 
THE A C C F L F R A T T O N .   V F L O C I T Y ,  4ND D I S P L A C F M E N T  
nF THE S O I L   U N D F R  THE T R A l L E R  A R E  SOLVED FOR H E R E .  
7 D Y  s - L C S = l n Y S E K S t F W R U / M E F  
1 D Y C   1 N T X Z D Y S v n . O U  
Y S   1 N T Z l D Y S v O . O n  
Y O N   F S H X Y M A X - Y S v F A L S v   F A L S m T R U E C I  
1 D Y M   N V f l R * Y M A X  
Y M A X   I N T X L D Y M v Y S m Y O N v F A L S ~  
P H I   Y M A X * P D V R  
KS R F T * % Y S - Y M A X n C P H I  
CNTR C N T R C l .  
C f l M P U T E  THF F O L L O H I N G   V A L U F S   n N L Y   A T   E A C H   P R I N T   O U T  T I Y E  [.E. EACH NEW llr 
N l J D T  S W I  T M P Y K Z .  v T U  
NUnT A C C B  Z D Y R + D I V G  
NIJD T ACCW Z D Y W * D I V G  
N U D T  ACC S 2 D Y S * D I V G  
NlJnT T I M F  T 
T H E   T R A I L E R   P I T C H   A C C E L E R A T I f l N   A N D   A N G L F  A R E  S O L V E D   F O R   H E R E .  
N U D  T ? S I R  Z D Y B * D 1 8 0  
N U D  1 A S 1  R 2SIB*IZDG 
NllDT S I R  Y R * D 1 8 0  
N U D T  Y R E S  R E C F * Y M A X E Y P  
F I N R X D I S v 3 0 0 6 . o  
O U T % T I M € . C ~ T 3 . A C C S v A S I R I A C C R I A C C W n  
C I l J T Z   Y P . l D Y Y 1   Y S . Y M A X v   Y R v   Y W n  
O U T X Y P P  . l ~ Y P v l ~ Y S I C N T R , l D Y R , l D Y W n  
O U T X X D l S v F W R   ~ F W S L V Y R E S ~ K S   - P H I  n 
OU T 
O U T Z A C C R v A C C W v A C C S I Y P , Y R E S v C N 1 3 n  
E N D  
WR T 3  
E-11 
TRUCK PSD'S FOR HARD RANDOM SURFACE I N W T  
-BOUNCE- 
-P I TCH- 
F i a u r e  E - 4  
Io- '  I 00 IO1  I 02 
Frequet lcy  ( cps  1 
3 MPH 
-ROLL- 
F i g u r e  E - 6  
1 ' ""I ' ' " " " I  ' " " "~  
t 
10-1 I 00 




TRUCK PSD'S FOR SOFT RANDOM  SURFACE INPUT 0 3 MPH 
-PI TCH- 
F i q u r e  E-9 
I 02 
I O 1  
I 00 
I 0-2 
10-1 I 00 to1 I 02 
Frequency   (cps)  






F i q u r e  E- I  2 
1 ' ' ' ""'I ' ' ' ""'I ' ' ' ;"1 
0- I I 00 I O 1  I 02 
Frequency (cps 1 
I 
WITH S O I L  MODEL 
E-13 




TRA I'LER PSD'S FOR HARD  RANDOM SURFACE INPUT 
-CG BOUNCE- 
F i g y r e  E-13 
10-1 
Figure  E-I7 










Frequency (cps 1 
-WHEEL 'BOUNCE- 
Flgure  E-18 
10-1 
Frequency  (cps) 
6 MPH 3 MPH 
E-14 
PSD'S OF TRAILER ON SOFT SURFACE AT 3 MPH 
-CG BOUNCE- 
F i g u r e  E-19 F i g u r e  E-20 
I 00 
I 0- 3 L  





F i o u r e  E-22 
I 0-2 
I 0-3 
10-1 I00 'I 01 I 02 10-1 I00 I O 1  I 02 
Frequency (cps) Frequency ( c p s  1 
WITH SOIL MODEL WITHOUT S O I L  MODEL 
E-L5 
PSD'S OF TRA I LER ON HARD SURFACE AT 3 MPH 
-C G 
F i g u r e  E-27 
BOUNCE- 





- 7  
E- 16 













3 MP:1 - -
F i g u r e  E-32 
-HARD 
F i a u r e  E-33 
I 0-5 
t 
F r e q u e n c y   ( c p s )  






-HARD SURFACE Q 6 M.PH- 
F r e q u e n c y   ( c p s )  
RANDOM I NPUT 
E-17 
I. 
Figure E-.37 PSD - RANDOM GENERATED SLRFACE P R W I !  E - LEFT 
Sof t  Surface c = 2.32 X IO+ 
Tk’ifCK LEFT LANE AT 3 Hpt! 
FREQUENCY Icycles/ftl 
E-18 
Figure F- JB PSD - RANDM GENERATED SIRFACE PROFILE - RIGHT 
Soft Surfece C = 2.32 X IO  
-4 
TRUCK RIGHT LAND AT 3 mw 
FREQUENCY (cyc l es l f  t 
I O "  
NASA-Langley, 1969 - 11 CR-1399 
I 00 IO'  
FREqUENCY - CPS 
E-19 
